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ABSTRACT 
Multidimensional T Cell Mechanosensing 
Weiyang Jin 
 
T cells are key agents in the adaptive immune response, responsible for robust and selective 
protection of the body against foreign pathogens. T cells are activated through their interaction 
with antigen-presenting cells (APCs) via a dynamic cell-cell interface called the immune synapse 
(IS). Numerous studies in recent years have shown that T cell activation is a mechanoresponsive 
process. Modulation of substrate rigidity and topology are emerging as powerful tools for 
controlling T cell activation. However, the majority of systems used to investigate the IS have used 
substrates that lack the rigidities and topographical complexities inherent in the physiological T 
cell - APC interface. Circumventing these limitations, elastomer micropillar arrays can be 
fabricated with physiologically-relevant rigidities and provide a topographically-deformable 
activating substrate. In this thesis, we examine the mechanisms behind T cell mechanosensing in 
order to gain a more complete understanding of T cell activation. More specifically, we take 
advantage of micropillar substrate properties to examine the IS in both 2D and 3D, seeking new 
insights into how the structural and mechanical features of the IS modulate T cell activity.  
 
We first investigate the traditional paradigm of T cell force generation at the 2D IS by seeking to 
characterize the temporal relationship between TCR signaling and force generation. We find that 
in both mouse naive and preactivated CD4+ T cells, TCR signaling is robust, dynamic, and 
localized to the pillar features. However, no temporal correlation is found between signaling and 
force generation. A potential reason for this lack of correlation is recent research showing that the 
physiological IS is a 3D interface that is topographically dynamic. This phenomenon complicates 
our interpretation of the 2D IS, as our micropillar system is protrusion-inducing substrate. In order 
to investigate the implications of topographical cues, we then characterize T cell activation in the 
3D IS with respect to force generation and cytoskeletal development over time. We demonstrate 
that preactivated CD4+ T cells exhibit a dynamic and robust penetration into micropillar arrays. 
In the 3D IS, actin polymerization is again not correlated with force generation, but we find that 
microtubules (MTs) have a critical role in 3D T cell mechanosensing. Namely, MT architecture is 
correlated with the spatial distribution of force generation in the 3D IS, the centralization of 
microtubule-organizing center (MTOC) to the 3D IS is a mechanosensitive process that is 
modulated by surface rigidity, and while MT polymerization is not necessary for force generation, 
it is critical for maintaining synaptic integrity over time.  
 
Together, this work reveals important aspects of the underlying dynamics of the T cell cytoskeleton 
in IS formation and maintenance. The conclusions will help advance the concept of 
mechanobiology in immunology, which may in turn be leveraged towards the development of 
biomaterials that enhance T cell manufacturing in adoptive cell therapy. 
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Chapter 1 - Introduction 
 
1.1 Cancer and Adoptive Immunotherapy 
According to a 2017 report by the American Cancer Society, more than 600,000 Americans are 
expected to die of cancer every year. Cancer accounts for nearly 1 out of every 4 deaths in the 
United States, and is the second most common case of the death in the country, surpassed only by 
heart disease (1). Due to an ageing population and increasing treatment costs, medical expenditures 
for cancer in the US are projected to reach at least $158 billion in 2020, an increase of 27% over 
2010 (2). 
 
Cancer is characterized by the exponential growth and spread of malignant cells which act by 
suppressing, evading, and exploiting the natural function of the immune system. Although 
conventional cancer treatments such as chemotherapy or radiotherapy have been successful in 
targeting cancer cells, they have substantial limitations involving their inability to selectively target 
malignant cells, resulting in systemic damage to healthy cells and tissues (3). For this reason, there 
is a considerable need to develop enhanced therapies for cancer treatment. This need is underlined 
by increases in funding towards cancer research. In 2016, the United States Congress authorized 
$1.8 billion in funding for the Cancer Moonshot Initiative in a national effort to accelerate cancer 
research and develop more effective treatments (4).   
 
Immunotherapy is an alternative treatment which targets cancerous cells by enhancing the patient’s 
own immune system. In recent years, immune checkpoint therapy has emerged as an effective 
form of immunotherapy.  This treatment involves targeting agents that modulate immune 
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checkpoints. The most commonly studied targets are programmed cell death receptor-1 (PD-1), 
programed cell death ligand-1 (PD-L1), and cytotoxic T lymphocyte-associated molecule-4 
(CTLA-4). Checkpoint therapy has seen wide success, with drugs such as ipilimumab (Yervoy, 
from Bristol-Myers Squibb), pembrolizumab (Keytruda, from Merck), and nivolumab (Opdivo, 
from Bristol-Myers Squibb) receiving FDA approval for indications including metastatic 
melanoma, metastatic renal cell carcinoma, and metastatic non-small cell lung cancer (5). 
However, limitations with immune checkpoint therapy include heterogeneity in patient response, 
possibilities of tumor relapse and adverse autoimmune-like reactions, and lack of optimal 
biomarkers to predict immune response and treatment toxicity (6). Therefore, although checkpoint 
therapies have had widespread success, alternative immunotherapies are also under investigation. 
 
One major alternative push has been towards the development of CAR-T therapy, which involves 
the development of genetically modified T cells expressing chimeric monoclonal antibodies able 
to recognize cancer-specific antigens on malignant cells (Fig. 1.1). Treatment involves isolation 
of a patient’s own T cells, which are then engineered to express the chimeric protein. These 
engineered cells are expanded to large quantities ex vivo and then infused back into the patient to 
fight cancer. CAR-T therapies have seen multiple successes in recent years. In 2017, the FDA 
approved the first two CAR-T cell therapies – tisagenlecleucel (Kymriah), manufactured by 
Novartis for use in relapsed or refractory pediatric B cell acute lymphoblastic leukemia, and 
axicabtagene ciloleucel (Yescarta), manufactured by Kite Pharma (now owned by Gilead) for use 





Figure 1.1. Adoptive cell transfer involves the genetic engineering of patient T cells followed 
by infusion back into the patient. T cells are first isolated from the patient’s peripheral blood. 
These cells are transduced with a viral vector encoding a chimeric antigen receptor (CAR), which 
is designed to be specific to an antigen expressed on the surface of tumor cells. CARs are 
constructed by linking the variable regions of antibody light and heavy chains to intracellular 
signaling regions including an activation and a costimulation signal. Genetically engineered CAR-
T cells are expanded outside of the body. The expansion process typically involves T cell co-
culture with polystyrene beads coated with activating antibodies. The expanded CAR-T cells are 
then infused back into the host patient. Image adapted from (7,8). 
 
However, CAR-T immunotherapy also faces significant limitations. Only a fraction of patients 
respond to treatment, and some patients suffer relapses (9,10). Therapy can also induce serious 
side effects such as a systemic inflammatory response called cytokine release syndrome (CRS) 
and a variety of neurologic toxicities. CRS occurs in approximately one third of all patients treated 
with CAR-T therapy, and predictive indications and prognoses are still under active investigation 
(3,11). In addition to a complex adverse event profile, CAR-T manufacturing is also a significant 
hurdle. Due to the substantial amount of time necessary to produce large enough numbers of high 
quality T cells, the manufacturing process takes a minimum of two to three weeks. Since patients 
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approved to use CAR-T therapies have cancers that have not responded to other treatments or that 
have returned after initial treatment, patients may die or fall too ill to tolerate treatment after the 
manufacturing time period. The manufacturing process may also fail to produce an adequate 
number of CAR-T cells for infusion. A primary reason for this failure is the quantity and quality 
of T cells gathered from patient blood, which varies from patient to patient (11). However, even 
with these limitations, the approvals of the first two CAR-T cell therapies last year were landmark 
events in cellular and gene therapy. Developments in the next few years will determine if CAR-T 
cells are not only effective against B cell malignancies but if this therapy can also be adapted to 
additional hematologic malignancies, solid tumors, and other autoimmune diseases. 
 
1.2 Adaptive Immunity 
The body's immune response is carried out in two serial steps. The innate response orchestrates 
the early line of defense, and predominantly consists of phagocytes such as macrophages and 
granulocytes which are scavenger cells that enclose and digest pathogens, and natural killer cells 
which destroy virally infected cells. However, if the innate system is unsuccessful in destroying 
the pathogens, a more specific type of response called adaptive immunity takes over within a few 
days to battle antigens and foreign microbes in the body. Adaptive immunity is an antigen-specific 
immune response which generates an army of immune cells designed specifically to attack the 
recognized antigen, and in addition mounts a memory response that allows for a more efficient 




Figure 1.2. A variety of cellular and molecular components are involved in the innate and 
adaptive immune responses. The innate immune response is the body’s first line of defense. This 
rapid response is composed of diverse cellular components such as macrophages and dendritic 
cells which eat and digest pathogens directly, neutrophils which ingest microorganisms as well as 
release soluble antimicrobials, and natural killer cells which destroy infected cells through the 
release of toxic cytokines that induce lysis or apoptosis. The innate response also includes soluble 
factors such as complement proteins which become activated in an enzyme cascade that leads to 
lysis or apoptosis of infected cells as well as recruitment of other cells involved in the innate 
response. The adaptive immune response is the second line of defense which is slower to develop 
but mounts a specific attack against the pathogen in the body. This response consists of B cells, 
which secretes antibodies that neutralizes infected cells, CD8+ T cells which produce toxic 
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granules that destroy infected cells, and CD4+ T cells which secrete cytokines that direct the other 
cellular components of the adaptive response. Image from (12). 
 
Adaptive immunity consists of two major types of white blood cells: bone marrow-derived B cells 
and thymus-derived T cells. Both B cells and T cells identify ‘non-self’ antigens through a process 
known as antigen presentation by antigen-presenting cells (APCs). Stimulated B cells secrete 
antibodies that block infections and neutralize microbes, while stimulated T cells destroy microbes 
or infected cells. After a T cell has been activated by its first encounter with antigen, it proliferates 
and differentiates into one of several types of effector T lymphocytes which are crucial to effective 
cell-mediated immunity and acquired immunity with long-term memory. Two major lineages of T 
cells operate together towards this goal: cytotoxic T cells (CD8+ T cells), which produce toxic 
granules containing enzymes that destroy infected host cells, and helper T cells (CD4+ T cells), 
which secrete cytokines that direct the immune response by recruiting and activating macrophages, 
B cells, and cytotoxic T cells (Fig. 1.2).  
 
1.3 CD4+ T Cell Activation and the Immune Synapse 
CD4+ T cell activation is initiated at the interface between a naive, previously unstimulated CD4+ 
T cell and an APC, which are dendritic cells (DCs), B cells, and macrophages. The APC provides 
two types of signals to the naive CD4+ T cell. The first is an activation signal provided by a foreign 
antigen bound to a major histocompatibility complex (MHC). The peptide-MHC (pMHC) complex 
signals through the T cell receptor (TCR). Without an intracellular signaling domain, the TCR 
depends on a transmembrane CD3 complex to propagate the activation signal. The second signal 
is provided by the costimulatory B7 proteins (CD80 and CD86) on the APC to the CD28 receptor 
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on the T cell (Fig. 1.3A). This costimulation signal serves to amplify T cell activation, while lack 
of costimulation results in T cell anergy. The interaction between the APC and the T cell is further 
stabilized by adhesive receptors with the binding of the intercellular adhesion molecule-1 (ICAM-
1) on the APC to the lymphocyte-associated antigen-1 (LFA-1) on the T cell. This critical interface 
where the activation information is exchanged is called the immune synapse (IS) (Fig. 1.3B) (13). 
 
Figure 1.3. T cells are activated by antigen presenting cells (APCs) through two major 
signals, and the interface between the T cell and the APC is called the immune synapse (IS). 
(A) The first activation signal from the APC is the presentation of the cognate peptide-MHC 
complex (peptide in red, MHC in green) to the TCR (black). The second costimulatory signal is 
provided by the B7 molecule (orange) to CD28 (blue). The combination of these two signals is 
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required for full T cell activation. (B) Upon stimulation, robust intracellular signaling responses 
lead within minutes to the formation of an IS between the lymphocyte and the APC. The classic 
IS is defined by centripetally-directed retrograde F-actin flow. (C) The IS is composed of three 
radially-oriented regions: the cSMAC at the center with the TCRs and costimulatory molecules, 
the pSMAC in a region outside the cSMAC with adhesion molecules like LFA-1, and the dSMAC 
in the outermost region enriched in larger inhibitory molecules like the tyrosine phosphatase 
CD45. Images adapted from (14–16). 
 
The IS can be divided into three concentric regions forming a ‘bull’s eye’ pattern: (1) a 
lamellipodium-like peripheral actin-rich region called the distal supramolecular activation cluster 
(dSMAC), which is enriched in F-actin and the tyrosine phosphatase CD45, (2) a lamella-like 
deeper region rich in LFA-1 and actomyosin arcs called the peripheral supramolecular activation 
cluster (pSMAC), and (3) a non-adhesive central region where the TCR and signaling molecules 
such as CD28 move to in order to be endocytosed or secreted called the central supramolecular 
activation cluster (cSMAC) (Fig. 1.3C) (17,18).  
 
Following TCR triggering, the SRC family kinase member lymphocyte-specific protein tyrosine 
kinase (Lck) is recruited to the TCR-CD3 complex, resulting in the phosphorylation of 
immunoreceptor tyrosine-based activation motifs (ITAMs) on the CD3 complex. This 
phosphorylation enables the recruitment and phosphorylation of zeta-chain associated protein 
kinase of 70 kDa (Zap70). Activated Zap70 further phosphorylates the linker for activation of T 
cells (LAT), which then recruits multiple signaling proteins to form a multiprotein complex called 
the LAT signalosome. This complex propagates signal branching to major signaling pathways, 
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including calcium influx and the nuclear factor-κB (NFκB) signaling pathway, resulting in the 
movement of transcription factors to the nucleus critical for gene expression leading to T cell 
proliferation and differentiation (Fig. 1.4) (19,20). 
 
 
Figure 1.4. TCR signal transduction involves extensive tyrosine phosphorylation cascades 
resulting in gene expression and T cell regulation. Interactions of note include the recruitment 
of Lck, which phosphorylates the ITAMs of the CD3 complex. This leads to the recruitment and 
phosphorylation of Zap70, which phosphorylates LAT, resulting in the formation of the LAT 
signalosome. Phosphorylated LAT recruits the molecular scaffold SLP76, which is then 
phosphorylated by Zap70. The LAT-SLP76 signalosome propagates signal transduction leading 
to calcium influx and the mobilization of transcription factors which eventually lead to gene 
expression essential for T cell proliferation and differentiation. Image from (20). 
 
TCR signaling also leads to actin reorganization resulting in cytoskeletal remodeling and 
morphological changes such as the establishment of a long-lived T cell-APC contact. LAT 
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phosphorylation recruits a second molecular scaffold, SH2-domain-containing leukocyte protein 
of 76 kDa (SLP76) to the IS, and with it the Rho-family GTPase exchange factor (GEF) Vav1. 
(20) Activation of Vav1 and other GEFs lead to the activation of the GTPases cell division control 
protein 42 homolog (CDC42), Ras-related C3 botulinum toxin substrate 1 (Rac1) and Ras homolog 
gene family member A (RhoA) (Fig. 1.5). CDC42 and Rac1 activate the actin nucleation 
promoting factors Wickott-Aldrich Syndrome protein (WASp) and WASp family verpolin-
homologous protein-2 (WAVE2). WASp and WAVE2 work together with hematopoietic lineage 
cell-specific protein 1 (HS1) to activate the actin-related protein 2/3 (Arp2/3) complex-dependent 
generation of invadopodium-like protrusions and lamellipodial protrusions (21–23). RhoA 
activates Rho-associated kinase (ROCK), which inhibits myosin light chain phosphatase (MLCP), 
leading to increased phosphorylation of myosin light chains (MLCs), which bind to actin and 
increase cellular contractility (24) (Fig. 1.5). Collectively, these events lead to T cell cytoskeletal 
remodeling such as cell spreading, actin retrograde flow, and the formation of the mature IS (23). 
 
1.4. The T Cell Microenvironment 
Many cellular processes are governed by the interaction between a cell and its environment, which 
is determined by environmental cues such as the geometry, density, and rigidity of a cell’s 
surroundings. Cells sense the physical aspects of the cellular environment at the nano-to-
micrometer range. Cellular mechanotransduction converts these mechanical cues into intracellular 
biochemical responses and eventually into downstream mechanoresponsive pathways that 




Figure 1.5. TCR signal transduction leads to extensive cytoskeletal remodeling through the 
Rho family members. Rho-GTPases cycle between an active, GTP-bound state and an inactive, 
GDP-bound state. As described in the previous figure, TCR signaling leads to the formation of the 
LAT-SLP76 signalosome. SLP76 recruits the GEF Vav1, which catalyzes the transition of Rho 
proteins to their active state. The major Rho family members in T cells are CDC42, Rac, and 
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RhoA. CDC42-GTP activates WASp, leading to Arp2/3-mediated nucleation of ATP-bound G-
actin, resulting in the formation of invadopodium-like protrusions. Rac-GTP activates WAVE, 
leading to Arp2/3-mediated nucleation of ATP-bound G-actin into F-actin, resulting in the 
formation of lamellipodium. RhoA-GTP activates Rho-associated kinase (ROCK), which inhibits 
myosin light chain phosphatase (MLCP), leading to increased phosphorylation of myosin light 
chains (MLCs), which bind to actin and increase cellular contractility. Image from (24).  
  
The importance of mechanical cues is readily apparent in the movement of T cells in the body. T 
cells are motile cells that are exposed to a variety of environmental stimuli during different 
developmental stages. Lymphoid precursor cells are derived at the bone marrow and differentiate 
into functional naive T cells in the thymus. These cells then exit the thymus, migrating across high 
endothelial venules into the secondary lymphatic organs (spleen and lymph nodes) and the 
bloodstream. Diapedesis, the movement of migrating T cells out of the bloodstream and into sites 
of injury or infection, involves shear flow-induced activation of cell adhesion molecules as T cells 
slowly roll along endothelial cells, form tight adhesions, and move in an amoeboid fashion to pass 
through gaps between endothelial cells (27). Following diapedesis, T cells generate forces that 
allow them to migrate on stromal cell networks scanning for APCs bearing cognate pMHC 
complexes. If no cognate antigen is found, T cells return via the lymphatic system to the 
bloodstream to recirculate between blood and peripheral lymphoid tissues. If the search is 
successful, T cells are activated, undergo clonal expansion, and exit the lymph nodes to patrol 




The T cell mechanical microenvironment undergoes substantial changes during the T cell life 
cycle. While fluid flow is minimal in tissues, complex hemodynamic forces are exerted in the 
bloodstream and lymphatic circulation (29). In order to modulate cellular motility and structure, 
the T cell cytoskeleton undergoes dynamic rearrangements, a cellular response to changing 
mechanical environments that depends on the application of external forces and the generation of 
internal forces (30). Moving T cells are spherical in shape and exhibit minimal cytoskeletal 
contractility. In comparison, when T cells come into contact with APCs, T cells slow down, 
forming fan-shaped kinapses, and then stop and spread to form a circular IS when they are 
activated (31). 
 
1.5 T Cell Mechanosensing 
Conventional immunology has focused on elucidating the biochemical pathways involved in T 
cell activation and the roles of different genes in controlling T cell proliferation and differentiation. 
However, in recent years, it has become increasingly clear that the biophysical aspects of T cell 
activation are critical components of this process.  
 
The importance of mechanosensing in T cell activation and signaling has been suggested in early 
studies that show the integral role of cytoskeletal organization in IS formation. TCR microclusters 
form and are reorganized through an active actin cytoskeleton (13,32,33). The initiation of 
dynamic actin polymerization is extremely rapid, and the colocalization of several critical 
signaling molecules has been shown to drive the formation of a peripheral actin ring as TCR 
microclusters continue to form in this outer edge. Subsequent retrograde actin flow and contraction 
of actomyosin structures then drive microcluster movement to the center of the IS, where they fuse 
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into larger clusters together with other molecules to form the cSMAC. Other molecules cluster into 
surrounding areas, forming the pSMAC and dSMAC (17,33–35) (Fig. 1.3C). Overarching actin 
retrograde flow applies constant strain to molecular contacts throughout the IS. Studies have 
shown that the resistance of these molecular contacts to reorganization can modulate T cell 
activation, thus suggesting that T cells may be able to carry out mechanosensing (36,37). 
 
Towards this end, research from our lab has shown that mouse and human naive T cells alter their 
activation profiles in response to activating surfaces of different stiffnesses (38). Treatment with 
blebbistatin (a myosin IIA inhibitor) decreased T cell mechanosensing capabilities, indicating a 
role of non-muscle myosin IIA in mechanosensing during T cell activation (Fig. 1.6A). The roles 
of CD3 and CD28 in mechanosensing were separated by tethering one of the activating antibodies 
to the substrate and presenting the other antibody on a rigid polystyrene bead. Varying the rigidity 
of gels presenting anti-CD28 did not modulate T cell activation. Conversely, varying the rigidity 
of gels presenting anti-CD3 did show a significant relationship between activation and stiffness, 
suggesting that T cell mechanosensing is associated with CD3 rather than CD28 (Fig. 1.6B). In 
support of this conclusion, traction force microscopy was performed on human naive T cells 
interacting with micrometer-scale elastomer pillar arrays coated with activating antibodies (39). T 
cells displayed phases of force generation on pillar arrays over the course of IS formation and 
stabilization, and exerted contractile forces of approximately 100 pN on arrays with both anti-CD3 
and anti-CD28 (Fig. 1.6C). By moving anti-CD28 in solution, it was shown that T cell traction 




Figure 1.6. T cells respond to differences in substrate rigidity and exert pN scale forces 
during activation. (A) Naive mouse CD4+ T cells seeded on polyacrylamide gels of rigidities 10-
200 kPa exhibit increasing levels of IL-2 secretion, a marker of T cell activation, on surfaces of 
increasing rigidity. Inhibition of cytoskeletal contractility using blebbistatin abrogated rigidity 
sensing. (B) Anti-CD3 and anti-CD28 were separated onto two different surfaces, and varying the 
rigidity of gels presenting anti-CD3 showed an increasing trend in IL-2 secretion with stiffness, 
while the gels presenting anti-CD28 did not. Therefore, T cell mechanosensing was determined to 
be associated with CD3 rather than CD28. (C) Naive human CD4+ T cells seeded on elastomer 
micropillars arrays coated with anti-CD3 and anti-CD28 showed distinct phases of force 
generation: 1) initial contact with minimal force exertion, 2) rapid spreading, 3) transient, 
uncoordinated force exertion, and 4) stable contraction with synchronized force exertion. (D) T 
cells seeded on pillar arrays providing both anti-CD3 and anti-CD28 signal (‘costim’) developed 
traction forces that peaked in the range of 100 pN. Cells on arrays coated with anti-CD3 only 
(‘OKT3’) exerted half the force as those on the ‘costim’ surfaces. However, when anti-CD28 signal 
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was provided in solution, traction forces were similar to those on ‘costim’ surfaces, demonstrating 
that T cells exert force through CD3/TCR complex. Images from (38,39). 
 
Additional recent studies have shown that TCR triggering is sensitive to and dependent on applied 
physical forces. A study in 2011 showed that T cells can push and pull on beads coated with TCR 
ligands. By tuning the mechanical properties of the bead-holding probe, the force loading rate 
during the pulling phase increased with target stiffness, indicating a mechanosensing mechanism 
(Fig. 1.7A) (40). A study in 2009 reported that the TCR complex may act as an anisotropic 
mechanosensor, and applying tangential external mechanical forces to the TCR can activate T cells 
(Fig. 1.7B) (41). In 2010, both normal and tangential forces were shown to induce T cell calcium 
flux, demonstrating further complexity in the TCR’s response to force (42). In 2014, the TCR was 
shown to engage in catch-bond molecular interactions, where applied force on the bond with 
cognate pMHC increases the lifetime of the bond. Critically, the increase in bond lifetime 
increased with the strength of the agonist, providing a potential mechanism behind the specificity 
and sensitivity of antigen discrimination by T cells (Fig. 1.7C) (43). As an important next step, a 
2016 study in collaboration with our lab demonstrated that forces modulate cell effector function, 
when cytotoxic T cell killing was shown to be a force-dependent mechanism. Experiments showed 
a correlation between force exertion and the speed of perforin pore formation on the target cell, 
implying a relationship between force and enhanced perforin activity, thus leading to increased T 
cell killing activity (Fig. 1.7D) (44).  These evidence collectively suggest that mechanical force is 
integrally involved in T cell generation. Therefore, studying the mechanical forces on the TCR 
and other receptors at the IS and the relevant mechanosensitive signaling pathways becomes 





Figure 1.7. T cells are mechanosensitive. (A) Using a biomembrane force probe, human primary 
T cells exerted pushing and pulling forces against an anti-CD3 coated bead. Calcium influx, a 
marker of T cell activation, was visualized and peaked during the pushing phase. Scale bar, 5 µm. 
(B) Experiments with optical tweezer-trapped beads bearing pMHC or anti-CD3 to engage the 
TCR demonstrated that TCR recognition of its cognate antigen presented on an MHC generates 
an external torque (bending motion) that transfers through the CD3 complex signaling units, 
leading to signaling (bolt). (C) Using a biomembrane force probe, the TCR-pMHC interaction was 
shown to be a catch bond, in which a force applied on the bond increases bond lifetime. However, 
this behavior only occurred in TCR interactions with cognate agonists, and not with less active 
18 
 
pMHCs, demonstrating a mechanism for TCR selectivity. (D) Cytotoxic T cells kill by secreting 
toxic proteases and the pore forming protein perforin into the synapse towards the target cell. By 
showing a correlation between force exertion and the speed of perforin pore formation, CTLs were 
shown to use mechanical force to potentiate target cell killing. Images from (40,41,43,44).  
 
1.6 Impact and Significance 
The proposed study seeks to identify molecular processes behind force generation and its 
modulation of signaling in T cells, thus building a more complete understanding of T cell 
mechanosensing. Visualization of T cell interactions with APCs have shown that these cells 
generated pulling, pushing, and shearing forces at the interface due to cellular motility relative to 
each other and cytoskeletal remodeling of the APC and the T cell during IS development (27,45–
48). Forces exerted by T cells during these contacts have been quantified recently, and the TCR 
itself has been shown to be a mechanosensor (39,40,42,49). The understanding of T cell 
physiology generated by these studies and the work in this thesis will help advance the concept of 
mechanobiology in immunology. 
 
Finally, new knowledge about the mechanobiology of T cell signaling could influence the 
development of immunotherapy. Ex vivo T cell expansion typically involves the use of stimulatory 
polystyrene beads. Successful activation of T cells affects cell specificity, expansion capability, 
survival potential, and differentiation to generate memory and effector cells. Most expansion 
development has been through the optimization of antibodies and antibody cocktails used for bead 
coating. However, the biophysical aspects of T cell expansion are likely to be highly significant. 
Unfortunately, the mechanical requirements for expanding T cells with maximal therapeutic 
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potential still need to be fully determined. One key physical property is the rigidity of the 
stimulatory surface. Polystyrene beads used for expansion have rigidities in the ranges of 
gigapascals, whereas APCs have stiffnesses less than 2 kPa. Studies taking advantage of this 
thousand-fold difference in stiffness have shown that T cells modulate their activation response on 
surfaces of different rigidities (38,50). Thus, further research aimed at optimizing the mechanical 
aspects of T cell expansion system will prove valuable in developing biomaterials that enhance T 
cell manufacturing and improve patient care. 
 
The work entailed in this thesis seeks to contribute to the field of T cell mechanobiology by 
providing insight into the molecular basis for force generation during T cell activation. Chapter 2 
will focus on the two-dimensional IS. We will add to the micropillar studies in Bashour et al. by 
performing live cell imaging of force generation in tandem with markers of TCR stimulation. By 
comparing these components over the course of IS development and stabilization, we investigate 
the temporal relationship between force application and TCR signaling. Chapter 3 will move on to 
focus on the three-dimensional IS as a more physiological characterization of the T cell - APC 
interface. We characterize the cytoskeletal components actin and microtubules in the context of T 
cell penetration into the micropillar arrays, focusing on their relative contributions to force 





Chapter 2 – TCR Signaling Is Not Temporally Correlated with T Cell Force 
Generation in the 2D Immune Synapse 
 
2.1 Abstract 
Recent studies have pointed towards the development of several models involving mechanical 
induction of conformational change in the TCR complex, as well as force-driven formation and 
centralization of TCR microclusters (17,35,51,52). According to this paradigm, early TCR 
signaling events lead to robust actin polymerization at the IS, generating force and leading to 
enhanced T cell activation. Activation in turn drives downstream signaling further enhancing actin 
polymerization, leading to positive reinforcement of full T cell activation. In this way, TCR 
signaling and force generation during T cell activation are intrinsically linked. However, the 
mechanisms by which actin-generated forces associate with and enhance T cell activation remain 
poorly understood. 
 
Previous experiments from our lab investigated TCR signaling using micropatterned glass 
substrates to visualize the temporal and spatial characteristics of TCR signaling. However, these 
glass surfaces have rigidities much higher than the stiffnesses T cells experience in vivo, and do 
not allow for measurements of force generation. In addition, we have previously seeded T cells on 
stimulatory elastomer micropillar arrays and were successful in measuring the development of 
traction forces over the course of IS development. However, these pillar experiments did not 
include live markers of T cell activation in tandem with force generation.  
 
In this chapter, we imaged live stimulation dynamics through our use of CD4+ T cells from 
Lifeact-RFP mice. Two distinct pools of dynamic actin filaments exist at the IS. In addition to the 
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lamellipodial pool, actin polymerization also occurs in actin foci which localize to TCR 
microclusters and are dependent on TCR-proximal signaling. We carried out measurements of 
TCR-initiated actin foci polymerization on micropillar arrays which were coated with activating 
antibodies and allow traction force measurements. Lifeact-RFP CD4+ T cells were seeded on top 
of pillar arrays, thus allowing for simultaneous measurements of actin polymerization and force 
generation. Our results suggest that TCR signaling does not temporally correspond with force 






When a T cell comes in contact with an APC, the T cell exhibits robust actin polymerization in the 
periphery of the IS. The IS can be divided into three major regions forming a ‘bull’s eye’ pattern: 
(1) a lamellipodium-like peripheral actin-rich region called the distal supramolecular activation 
cluster (dSMAC), (2) a lamella-like deeper region rich in LFA-1 and actomyosin arcs called the 
peripheral supramolecular activation cluster (pSMAC), and (3) a non-adhesive central region 
where signaling molecules move to in order to be endocytosed or secreted called the central 
supramolecular activation cluster (cSMAC) (Fig. 1.3C).  
 
Signaling at the IS takes place in microclusters of transmembrane receptors and downstream 
signaling molecules recruited after TCR triggering. Microclusters first form at the IS periphery in 
the dSMAC, and then move towards the cSMAC in parallel with centripetally-inward F-actin flow 
(17). Continuous actin flow is necessary to sustain TCR signaling, as disruption of F-actin 
retrograde flow using jasplakinotide, an F-actin stabilizing agent that perturbs actin turnover, not 
only arrested microcluster centralization but also inhibited sustained calcium signaling and 
downstream phosphorylation events (51).  
 
However, the mechanisms by which actin-generated forces associate with and enhance T cell 
activation remain poorly understood. Since pMHC complexes are immobilized on the surface of 
the APC rather than in solution, ligation results in the application of mechanical force. According 
to this paradigm, the centripetal movement of microclusters of signaling molecules is driven 
primarily by actin retrograde flow, and the resistance of the TCR and other receptors on the T cell 
to this mobilization generates traction forces on the receptor-ligand bonds. In addition, the 
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movement of the T cell along the APC surface may also induce mechanical force (23,30). Thus, 
the coupling of the receptors with the actin cytoskeleton and with the mobility of the ligands on 
the APC leads to force application on the TCR.  
 
After the induction of mechanical force on the TCR, there are several models that provide possible 
mechanisms for the role of F-actin generated forces in initiating and maintaining TCR signaling 
(23) (Fig. 2.1). In the kinetic segregation model, F-actin-generated force is critical for initiating 
close membrane apposition through invadosome-like protrusions, allowing for the exclusion of 
larger inhibitory phosphatases such as CD45 from TCR/pMHC-rich areas, and thus leading to TCR 
triggering. In the kinetic proofreading model, the force produced by the F-actin network leads to 
increased specificity and greater bond lifetimes with agonist pMHC, which engage in catch-bond 
molecular interactions in which applied force prolongs the interaction time with cognate pMHC. 
In the serial triggering model, the association of the TCR with the F-actin network leads to TCR 
clustering, allowing for serial triggering of multiple TCRs by a single pMHC complex. Finally, a 
variety of models based on mechanical induction of conformational change in the TCR/CD3 
complex suggest that the application of force by the actin cytoskeleton leads to the induction or 




Figure 2.1. Actin-dependent forces are intrinsically involved in models controlling TCR 
triggering. (A) Kinetic segregation model: The TCR and the pMHC are both molecules with small 
extracellular regions, and their binding excludes proteins with large extracellular regions such as 
the inhibitory phosphatase CD45 through F-actin generated force. (B) Kinetic proofreading model: 
The TCR can distinguish between strong and weak agonists catch-bond behavior in which force 
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application on strong agonists leads to enhanced bond lifetime, while slip-bond behavior with 
weak agonists leads to bond rupture. (C) Serial triggering model: The association of the TCR with 
the F-actin network leads to TCR clustering and serial triggering of multiple TCRs by a single 
pMHC. (D) Models of conformational change: F-actin generated force leads to conformational 
changes in the CD3 complex, ITAMs, or induction of catch-bond behavior. Image from (23). 
 
Following TCR triggering, multiple protein tyrosine kinases, including Lck and Zap70, are 
activated, leading to the phosphorylation of multiple effectors, including the scaffold protein linker 
for activation of T cells (LAT) (Fig. 2.2). LAT phosphorylation recruits SLP76 to the IS, and with 
it the GEF Vav1. Activation of Vav1 and other GEFs lead to the activation of the GTPases CDC42, 
Rac1, and RhoA. This leads to the activation of the actin nucleation promoting factors WASp and 
WAVE2. WASp and WAVE2 work together with HS1, the leukocyte-specific homolog of 
cortactin, to activate the Arp2/3 complex-dependent generation of invadopodium-like and 
lamellipodial protrusions (46,53,54) (Fig. 2.2). Collectively, these events lead to further cell 
spreading and actin retrograde flow in a positive feedback loop enhancing signal transduction 
events and leading to robust T cell activation. 
 
Interestingly, recent work has shown that two distinct pools of dynamic actin filaments exist at the 
IS. In addition to the lamellipodial pool, actin polymerization also occurs in actin foci which 
localize with TCR microclusters and are dependent TCR-proximal signaling (55). Previous work 
from our research group has also demonstrated the existence of TCR-associated actin foci. Jurkat 
cells expressing GFP-tagged actin formed foci of actin polymerization localized to the anti-CD3 




Figure 2.2. TCR signaling leads to actin cytoskeleton remodeling. TCR triggering leads to the 
activation of multiple protein tyrosine kinases, including Lck and Zap70. This leads to the 
phosphorylation of multiple effectors, including LAT. LAT phosphorylation recruits SLP76 to the 
IS, and with it the GEF Vav1. Activation of Vav1 and other GEFs lead to the activation of the 
GTPases CDC42, Rac1, and RhoA. This leads to the activation of the actin nucleation promoting 
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factors WASp and WAVE2. WASp and WAVE2 work together with HS1 to activate the Arp2/3 




Figure 2.3. Actin foci are polymerization events that localize to and are dependent on TCR 
microcluster formation and signaling. (A) Mouse CD4+ T blasted cells seeded on lipid bilayers 
reconstituted with TCR and ICAM1 fixed after 2 min and stained for F-actin show actin 
polymerized at foci localized to TCR and not ICAM1. The same cells seeded on lipid bilayers 
reconstituted with ICAM1 only failed to generate actin foci. (C) Human CD4+ primary cells and 
Jurkat T cells, a human leukemic cell line, seeded on glass coverslips patterned with anti-CD3 dots 
fixed after 30 min and stained for F-actin also generate actin foci localized to regions of TCR 





These collective studies form the basis for several models involving mechanical induction of 
conformational change in the TCR complex, as well as force-driven formation and centralization 
of TCR microclusters (17,35,51,52). According to this paradigm, early TCR signaling events lead 
to robust actin polymerization at the IS, generating force and leading to enhanced T cell activation. 
Activation in turn drives downstream signaling further enhancing actin polymerization, leading to 
positive reinforcement of T cell activation. In this way, TCR signaling and force generation during 
T cell activation are intrinsically linked.  
 
In this chapter, we seek to develop a deeper understanding of the mechanisms through which actin-
generated forces associate with and enhance T cell activation. Specifically, we focus on 
characterizing the temporal relationship between TCR signaling and T cell force generation. While 
micropatterned glass substrates are effective in sustaining and visualizing TCR signaling, glass 
surfaces does not allow for calculation of T cell traction forces (56). Furthermore, while elastomer 
micropillar arrays are effective in measuring the dynamic features of force generation during T 
cell activation, previous pillar experiments in our lab did not include live activation markers (39). 
In this series of experiments we combine live markers for activation and live force measurements 
by using naive and preactivated CD4+ T cells from Lifeact-RFP C57BL/6 mice seeded on 
elastomer pillar arrays coated with activating antibodies. By using actin foci polymerization at 
sites of TCR/CD3 engagement as an indicator of initiation of functional TCR signaling, the 






2.3 Materials and Methods 
Substrate fabrication and preparation 
Masters for micropillar arrays were created using the general template designed by the Chen lab 
(57,58). Pillars were designed to be 1 μm in diameter and were arrayed in a hexagonal formation 
with 2 μm center-to-center spacing to ensure equispaced proximity among neighboring pillars. 
Pillars 6 μm tall were fabricated. Negative molds were cast in PDMS (Sylgard 184, Dow Corning) 
mixed in a 1:10 ratio, and silanized overnight with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-
trichlorosilane (United Chemical Technologies). The negative molds were then used to cast PDMS 
pillar arrays directly onto thickness #0 Fisherbrand glass coverslips. In order to prevent pillar 
collapse, pillars were peeled in 100% ethanol and carefully moved into 1X phosphate-buffered 
saline (PBS). Pillars were coated with streptavidin AlexaFluor 568 (Thermo, S11226), followed 
by biotinylated antibodies against CD3 and CD28 (eBioscience 13-0031, 13-0281). The surfaces 
were then moved into complete media (RPMI base, Thermo 21870092) prior to cell seeding and 
imaging. A detailed protocol for pillar preparation can be found in (59). 
 
T cell isolation and culture 
Mouse CD4+ T cells were isolated from the spleens of C57BL/6 mice aged 6-10 weeks. Lifeact-
RFP C57BL/6 mice generously donated by Prof. Edward Guo (Columbia University) were used 
for live actin polymerization measurements. After an initial extraction through a 40 μm filter, naive 
CD4+ cells were enriched via negative selection using Invitrogen Dynalbeads Untouched kit 
(Invitrogen 114-15D). For preactivation, naive CD4+ T cells were seeded on surfaces coated with 
anti-CD3 (eBioscience 16-0031) and were maintained in complete RPMI supplemented with anti-
CD28 (eBioscience 14-0281) and rhIL-2 (Peprotech 200-02) for 48 hours. Cells were then 
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recovered overnight in complete RPMI supplemented with rhIL-2.  For live-cell experiments, cells 
were cultured for up to 1 hour in complete media at 37°C, 5% CO2. In the case of preactivated 
cells, complete media was supplemented with rhIL-2. Temperature and gas concentrations were 
maintained with a Tokai stage top incubation system.  
 
Data acquisition and statistical analysis 
Images were collected using an Olympus IX-71 fluorescence microscope with an Andor iXon3 
EM-CCD and equipped with a 100X/1.45 NA Plan Apochromat objective (Olympus). 488, 568, 
and 647 nm illumination channels were used for visualization of lymphocytes and pillars. 
MetaMorph for Olympus was used to collect images. Image processing was performed with 
ImageJ/Fiji. 
 
For tracking pillar displacements, timelapse stacks were drift-corrected and aligned with a custom 
MATLAB code. Pillar traces were generated using the Particle Tracker plug-in developed by 
Mosaic at ETH. Traces for active pillars and background pillars were saved as text files, and 
imported into Matlab. The forces associated with pillar deflections were calculated using pillar 
displacement length, pillar dimensions, and pillar composition using the following formula:  




where δ is the pillar displacement, E is the elastic modulus of the material, D is the diameter of the 
pillar, and L is the pillar height.  
 
For actin focus intensity quantification, pillar traces were used to create a dynamic mask of pillar 
tops. This mask was applied on the actin channel, and average actin intensity was measured for 
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each pillar over time. The same pillar traces were also used to create a separate mask of 0.25 µm 
wide rings 0.25 µm out from the pillar edge around the pillar tops. This mask was applied on the 
actin channel, and the average actin intensity measured in the mask for each pillar was used a 
background intensity for each time point. For smoothed tracks, force and actin intensity tracks 
were recalculated using a five data point moving average filter.  
 
Statistical analysis was performed in GraphPad Prism 6. Data of force generation and actin 
polymerization were compared using the nonparametric Spearman’s rank correlation coefficient. 
The difference between two conditions was determined using a Mann-Whitney 2-tailed test. 
Multiple conditions were compared using 2-way ANOVA. The validity of multiple comparisons 
was corrected for with Tukey’s range test. Statistical tests were carried out using significance level 
α = 0.05. All data is representative of at least two independent experimental runs, though in the 
interest of aligning with strict temporal parameters, multiple surfaces and discrete cell cultures are 
used within each independent experimental run. 
 
2.4. Results 
Mouse Lifeact-RFP CD4+ naive T cells exhibit discrete phases of engagement upon 
activation 
Previous research in our lab has shown that primary human CD4+ T cells undergo a dynamic, 
multiphase interaction with micropillar arrays (39). In this chapter, we performed similar pillar 
experiments but instead used naive mouse CD4+ T cells from Lifeact-RFP C57BL/6 mice in order 
to visualize live activation dynamics. These cells were seeded on elastomer micropillar arrays 
coated with streptavidin-AF647 followed by biotinylated activating antibodies against CD3 and 
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CD28, and images of force generation and actin polymerization were taken live (Fig. 2.4A). After 
initial contact, T cells rapidly spread across multiple pillars and generated forces on the pillar array 
that were uncoordinated in magnitude and direction (Fig. 2.4B,C, phases (1) and (2)). The interface 
stabilized over the next few minutes, entering a sustained, contractile phase in which forces were 
synchronized and centripetally directed towards the center of the cell (Fig. 2.4B,C, phase (3)). In 
naive T cells, the stable contractile phase began within 10-20 minutes of initial cell contact. 
Previous studies have shown that sustained TCR signaling is critical for T cell activation and 
downstream function (60,61). Thus, the contractile phase is a critical juncture for T cell activation, 
and measurements and comparisons throughout this chapter focus on this phase.  
 
In order to perform force measurements, the displacements of individual pillars were tracked over 
the imaging period. Actively displaced pillars were distinguished from background pillars not in 
contact with the cell through identification of the cell surface via actin-RFP signal inherent in 
Lifeact-RFP cells. Minor displacements of background pillars due to minor ambient drift of the 
stage were measured and subtracted from the forces due to active displacement. Forces for each 
pillar were calculated over time and averaged over the contractile period. Forces exerted by naive 
CD4+ T cells on micropillar arrays were on the order of 0.31 ± 0.097 nN per pillar with 13 ± 5.06 
pillars in contact, leading to an overall total force of 4.24 ± 2.37 nN per cell (mean ± SD). These 
numbers are on the same order of magnitude as the forces exerted by naive human and mouse 
CD4+ T cells published previously by our lab, thus validating the pillar and cell system used in 




Figure 2.4. Naive CD4+ T cells from Lifeact-RFP mice undergo dynamic force generation 
and actin polymerization on stimulatory elastomer micropillar arrays. (A) T cell traction 
forces were measured using elastomer pillar arrays coated with activating antibodies (red). Pillar 
deflections (δ) were tracked over time and used to calculate force generation. (B) Mouse naive 
CD4+ T cells expressing Lifeact-RFP (red) show distinct phases of interaction with micropillars 
(white). These phases are shown and numbered in (C). In (1), the cell makes initial contact with 
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the micropillar array. In (2), cells spread rapidly on the array and initiate unsynchronized force 
generation, as indicated by the red arrows in the pillar channel. In this phase, actin polymerization 
is lamellipodial and concentrated at the cell edge. The interface stabilizes after 10-20 minutes of 
interaction, moving into a contractile phase (3) where forces are synchronized and oriented 
towards the center of the cell. Dynamic actin foci form during this phase and are localized to the 
tops of the pillars. Scale bar, 5 µm, scale arrow, 2 nN. (C) A representative plot of T cell force 
generation over time where each solid trace represents an individual pillar. Red traces are pillars 
under the cell, and blue traces are pillars in the background. The dotted green line represents the 
average force per pillar. In this representative cell, the stable contractile period begins 
approximately 10 minutes after cell landing. Image in (A) adapted from (39). 
  
Actin polymerization is dynamic and distributed throughout naive CD4+ T cells  
Previous pillar studies from our lab focused on fixed samples stained for proteins downstream of 
TCR stimulation. In this chapter, we were able to image live stimulation dynamics through our use 
of Lifeact-RFP mice. Lifeact mice express the 17-amino-acid peptide (Lifeact) isolated from yeast 
which bind specifically to F-actin without adverse effects on actin dynamics (62).  
 
Actin polymerization events in naive Lifeact CD4+ T cells were dynamic and multiphasic. After 
initial contact, the cell rapidly spread, leading to a wave of actin polymerization similar to the 
lamellipodial spreading at the edge of migrating cells. During stabilization, when forces increased 
in magnitude but were directionally uncoordinated, actin was concentrated at the edge of the cell 
(Fig. 2.4B, phase (2)). This phenomenon is consistent with robust actin polymerization in the 
dSMAC of the IS (51). As the T cell entered into the contractile phase, actin polymerization 
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occurred in smaller structures localized to the tops of the pillars in the center of the cell (Fig. 2.4C, 
phase (3)). These events were extremely dynamic, exhibiting bursts of polymerization akin to a 
‘blinking’ behavior. These ‘blinks’ typically lasted 20-40 seconds, and often repeated on the same 
pillar tops throughout the contractile phase. 
 
The bursts of actin polymerization on pillar tops are consistent with evidence that along with the 
lamellipodial actin pool, dynamic actin at the IS also occurs in smaller actin foci. These structures 
localize with TCR microclusters and are dependent on TCR-proximal signaling (55,56) (Fig. 
2.3A). Since actin foci are an indicator of TCR signaling, we will be focusing our analysis on actin 
foci polymerization on pillar tops during the contractile phase as an indicator of functional TCR 
signaling. 
 
TCR signaling is not correlated with force generation in naive CD4+ T cells 
Having developed a system for visualizing force generation and actin polymerization in tandem, 
we next looked to determine if there was a relationship between these two factors. Pillars at the 
edge of the cells were in contact with both lamellipodial actin polymerization at the cell edge as 
well as actin foci localized to the pillar tops. These two families of actin could not be visually 
distinguished from each other, and so edge pillars were excluded from analysis in this chapter. In 
order to quantify actin focus polymerization, pillar traces were used to create a dynamic mask of 
pillar tops. This mask was applied on the actin channel, and average actin intensity was measured 
for each pillar over each time point (Fig. 2.5B, green circle). In order to subtract background signal, 
the same pillar traces were used to create a separate mask of a 0.25 µm wide ring 0.25 µm out from 
the pillar edge. This mask was applied on the actin channel, and average actin intensity was 
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measured in the ring (Fig. 2.5B, red ring). This value was subtracted from the actin intensity 
associated with the pillar tops for each time point.  
 
In order to determine if there was a relationship between force generation and actin focus intensity, 
an indicator of TCR stimulation, these components were plotted together over time for individual 
pillars under the cell (examples labeled in Fig. 2.5A, plotted in Fig. 2.5C). Surprisingly, we found 
that there was no correlation between force and actin intensity in these plots. The first wave of 
actin polymerization corresponded to T cell lamellipodial spreading during initial contact (Fig. 
2.5C, grey regions). The actin peaks that occurred thereafter corresponded to actin foci 
polymerization. These polymerization events were extremely dynamic and occurred in bursts 
lasting 20-40 seconds (Fig. 2.5C, red plot). However, when these bursts were overlaid with force 
generation events during the contractile stage, no clear visual correlation was observed (Fig. 2.5C, 
red vs blue plots).  
 
To quantify a possible correlation, Spearman’s rank correlation between force generation and actin 
intensity was performed over time for each individual pillar and plotted (Fig. 2.6A, raw). There 
was a large distribution of Spearman’s r values, and while some pillars did exhibit high levels of 
correlation (max r = 0.89), a similar number of pillars exhibited high levels of anticorrelation (min 
r = -0.60). Therefore, the Spearman’s correlation coefficient averaged out to r = 0.015 ± 0.34. This 
indicates that there is no correlation between actin focus intensity and force generation for 
individual pillars over time. To determine if certain cells had pillars that were more 
correlated/anticorrelated, the pillar data in Fig. 2.6A was averaged for each cell (Fig. 2.6B, raw). 
While a few cells exhibited some levels of correlation (max r = 0.42) and anticorrelation (min r = 
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-0.26), the majority of cells analyzed did not exhibit significant correlation between force and actin 
polymerization, averaging out to r = 0.0084 ± 0.17.  
 
 
Figure 2.5. Force generation and actin polymerization are measured over time for individual 
pillars interacting with naive CD4+ T cells. (A) A frame from a video of a representative naive 
cell (F-actin in red) interacting with the pillar array (green). Two example pillars A and B are 
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plotted in (C) and (D). Scale bar, 5 µm. (B) Schematic of actin quantification for each pillar top at 
each time point. The black dot in the center is the x-y position of the pillar at a certain time as 
determined by the pillar trace. We created a circular mask 0.5 µm in radius centered on the x-y 
position (green circle). This mask was applied on the actin channel, and average actin intensity 
was measured for each pillar over each time point. In order to subtract background signal, the same 
x-y location was also used to create a separate mask of a 0.25 µm wide ring 0.25 µm out from the 
pillar edge (red ring). This mask was applied on the actin channel, and average actin intensity was 
measured in the ring over time. This value was subtracted from the actin intensity associated with 
the pillar tops for each time point. (C) Force (blue) and actin (red) are plotted over time for pillars 
A and B. The phases of interaction mentioned previously are labeled here. Since we focus our 
analysis on the contractile stage (stage 3), actin polymerization events in the grey region (stages 1, 
2) are not included in the analysis. (D) The same tracks in (C) were smoothed using a five data 
point moving average filter.  
 
 
Figure 2.6. TCR signaling is not correlated with force generation in naive CD4+ T cells. (A) 
Spearman’s rank correlation coefficient was calculated for actin focus intensity, an indicator of 
TCR stimulation, and force generation over time for individual pillars. Pillars at the edge of the 
cell were in contact with both lamellipodial actin polymerization at the cell edge as well as actin 
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foci localized to the pillar tops. These two families of actin could not be visually distinguished 
from each other, and so edge pillars were excluded from analysis. Data are mean ± SD, 
representing 79 pillars from 2 independent experiments. (B) Spearman’s rank correlation 
coefficient was averaged for the pillars under each cell. Data are mean ± SD, representing 12 cells 
from 2 independent experiments. (C) Actin focus intensity and force generation was averaged over 
the contractile period for individual pillars, and then compared with each other using a Spearman’s 
test. Data represents 79 pillars from 2 independent experiments. 
 
We also analyzed smoothed tracks created using a five data point moving average filter. These 
tracks exhibited less overall noise and allowed for the quantification of more general trends over 
time. However, as seen in raw data, smoothed tracks also exhibited no clear correlation between 
force generation and actin focus intensity (Fig. 2.5D). Pillar tracks over time averaged to r = 0.0085 
± 0.44, and pillar r averaged over the cell was r = 0.0048 ± 0.20 (Fig. 2.6A,B, smooth). Finally, 
although we found that there was no correlation between actin focus intensity and force generation 
over time, we wanted to determine if average actin focus intensity was correlated with force 
generation when averaged over the contractile period (Fig. 2.6C). When we compared these two 
factors, no correlation was found (Spearman’s r = -0.048). These collective results suggest a poor 
role of actin foci polymerization, and therefore TCR signaling, in modulating cellular forces in 
naive mouse CD4+ T cells. 
 




Compared to naive T cells, effector and memory cells demonstrate a faster and more robust 
response to antigen stimulation. Proposed mechanisms behind this difference in activity include 
studies showing that signaling proteins in differentiated T cells have higher levels of constitutive 
phosphorylation and that key signaling proteins may be more highly expressed in activated T cells, 
thus allowing for more rapid activation upon TCR triggering. Research has shown that while 
differences in the phosphorylation states of Zap70 and PLC-ɣ, both early signs of T cell activation, 
are not seen naive and memory T cells, activated T cells and memory T cells have preformed TCR 
nanoclusters not seen in naive T cells (63,64). Multiple studies have shown higher Zap70 
expression in CD4+ effector and memory cells when compared to naive T cells (65). In addition, 
effector and memory T cells have upregulated genes encoding cytoskeletal molecules such as 
actin, talin, and Arp2/3, and activated T cells are less mechanically stiff compared to naive T cells, 
leading to the formation of larger ISs and enhanced T cell activation (66,67).  
 
In order to take advantage of the effector cells’ decreased threshold for activation, increased 
reactive speed on activating surfaces, and decreased cellular response variability, we decided to 
repeat our experiments using preactivated T cells. These cells have similar early activation 
characteristics as effector T cells but are more simple to generate. Specifically, in order to induce 
preactivated cells, naive CD4+ T cells were seeded on surfaces coated with anti-CD3 and 
maintained in complete media supplemented with anti-CD28 and the cytokine interleukin-2 (IL-
2) for 48 hours. Cells were recovered overnight in complete media supplemented with IL-2, and 




We found that preactivated CD4+ T cells underwent a similar dynamic, multiphase interaction as 
naive T cells (Fig. 2.7). However, the time required for the cell to enter the contractile period was 
significantly shortened. In naive T cells, the time to begin contractility was 10-20 min, whereas 
preactivated T cells began contractility within 5 min of initial cell landing (Fig. 2.7B). 
Furthermore, T cells undergo a significant increase in cell size during the preactivation process, 
and preactivated cells were in contact with 41.3 ± 11.2 pillars, more than triple the number in 
contact with naive T cells (Fig. 2.8). However, the force per pillar was not affected (0.31 ± 0.097 
nN for naive cells, 0.37 ± 0.11 nN for preactivated, p = 0.99) (Fig. 2.8). Actin dynamics in 
preactivated T cells were also similar to those in naive T cells. Namely, initial contact correlated 
with a burst of lamellipodial wave-like actin polymerization. As the preactivated cell entered the 
contractile stage, lamellipodial actin was mostly observed at the edge of the cell, whereas TCR 
activation-induced actin foci polymerization occurred on the pillars towards the center of the cell 
(Fig. 2.7A).  
 
TCR signaling is not correlated with force generation in preactivated CD4+ T cells 
As with naive cells, actin focus polymerization, an indicator of TCR stimulation, and force 
generation were plotted together over time for individual pillars under preactivated T cells (Fig. 
2.9). The first wave of actin polymerization in preactivated cells corresponded to lamellipodial 
spreading during initial contact and the actin peaks that occurred thereafter corresponded to actin 
focus polymerization (Fig. 2.9B, grey region vs white region). In our analysis we again excluded 
pillars at the edge of the cell, since we could not differentiate actin focus signal, which 
corresponded to TCR stimulation, from lamellipodial actin signal, which did not. However, the 




Figure 2.7. Like naive CD4+ T cells, preactivated CD4+ T cells also undergo dynamic force 
generation and actin polymerization on stimulatory elastomer micropillar arrays. 
Preactivated CD4+ T cells were generated by seeding naive CD4+ T cells on surfaces coated with 
anti-CD3, and maintained in complete media supplemented with IL-2 and anti-CD28 for 48 hours. 
Cells were recovered overnight and maintained in complete media supplemented with IL-2.  Cells 
were seeded on stimulatory micropillar arrays and force generation was tracked over time. (A) 
43 
 
Preactivated CD4+ T cells expressing Lifeact-RFP (red) show distinct phases of interaction with 
micropillars (white) similar to the phases seen in naive cells. These phases are shown and 
numbered in (B). In (1), the cell makes initial contact with the micropillar array. In (2), the cell 
spreads rapidly on the array and initiates unsynchronized force generation, indicated by the red 
arrows. In this phase, actin polymerization is lamellipodial and concentrated at the cell edge. 
Unlike naive cells, preactivated cells transition into the stable contractile phase within 5 minutes 
of interaction. In the contractile phase (3), forces are synchronized and oriented towards the center 
of the cell. Dynamic actin foci form during this phase and are localized to the tops of the pillars. 
Scale bar, 10 µm, scale arrow, 4 nN. (B) A plot of T cell force generation over time where each 
solid trace represents an individual pillar. Red traces are pillars under the cell, and blue traces are 
pillars in the background. The dotted green line represents the average force per pillar. In this 
representative cell, the stable contractile period began within 5 minutes of cell landing. 
 
Figure 2.8. Preactivated CD4+ T cells exhibit similar levels of force generation as naive T 
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and the stage. Pillars in contact with the cell were determined using the F-actin signal. Data are 
mean ± SD, representing 12 cells per condition from 2 independent experiments, and were 
analyzed by 2-way ANOVA, ɑ=0.05, ****p<0.0001.  
 
pillars away from the edge underwent minimal force generation (Fig. 2.7 A). This phenomena can 
be seen in Fig. 2.9B (blue tracks), as the force values for both the representative pillars (labeled in 
Fig. 2.9A) were close to baseline. However, these pillars, while undergoing minimal force 
exertion, experienced extremely dynamic actin focus polymerization events. As in naive cells, 
these polymerization events occurred in bursts. However, the bursts often occurred over a longer 
period of time, with ‘blinks’ sometimes lasting upwards of 100 seconds (Fig. 2.9B, red tracks). 
Therefore, it can be determined visually from the overlaid tracks in Fig. 2.9B that there was poor 
correlation between actin focus signal and force generation. 
 
In order to quantitatively confirm this lack of correlation, we again calculated Spearman’s rank 
correlation between force generation and actin focus intensity over time for individual pillars (Fig. 
2.10A, raw). As expected, the Spearman’s correlation coefficient averaged out to r = 0.032 ± 0.33, 
indicating no correlation between actin focus intensity and force generation for individual pillars 
over time. To determine if certain cells had pillars that were more correlated/anticorrelated, the 
pillar data in Fig. 2.10A was averaged for each cell (Fig. 2.10B, raw).  As in naive cells, the 
majority of preactivated cells did not exhibit significant correlation between force and actin 




Figure 2.9. Force generation and actin polymerization are measured over time for individual 
pillars interacting with preactivated CD4+ T cells. (A) A frame from a video of a representative 
preactivated cell (F-actin in red) interacting with the pillar array (green). Two example pillars A 
and B are plotted in (B) and (C). Scale bar, 5 µm. (B) Force (blue) and actin (red) are plotted over 
time for pillars A and B. Since we focus our analysis on the contractile stage (stage 3), actin 
polymerization events in the grey region (stage 2) are not included in the analysis. This 
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representative cell had already completed the landing stage when live imaging began, and so stage 
(1) is not shown in these tracks. (C) The same tracks in (B) were smoothed using a five data point 
moving average filter.  
 
We also analyzed smoothed tracks created using a five data point moving average filter (Fig. 
2.9C).These tracks exhibited less overall noise and allowed for the quantification of more general 
trends over time. Smoothed tracks also exhibited no clear correlation between force generation 
and actin focus intensity (Fig. 2.10A,B, smooth). Pillar tracks over time averaged to r = 0.030 ± 
0.44, and pillar r averaged over the cell was r = 0.024 ± 0.19. We again determined if the average 
actin focus intensity was correlated with force generation when averaged over the contractile 
period (Fig. 2.10C). When we compared these two factors, no correlation was found (Spearman’s 
r = 0.17). Together these results suggest a poor role of actin foci polymerization, and therefore 
TCR signaling, in modulating cellular forces in preactivated T cells. 
 
 
Figure 2.10. TCR signaling is not correlated with force generation in preactivated CD4+ T 
cells. (A) Spearman’s rank correlation coefficient was calculated for actin focus intensity and force 
generation over time for individual pillars. Pillars at the edge of the cell were in contact with both 
lamellipodial actin polymerization at the cell edge as well as actin foci localized to the pillar tops. 
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These two families of actin could not be visually distinguished from each other, and so edge pillars 
were excluded from analysis. Data are mean ± SD, representing 83 pillars from 2 independent 
experiments. (B) Spearman’s rank correlation coefficient was averaged for the pillars under each 
cell. Data are mean ± SD, representing 8 cells from 2 independent experiments. (C) Actin focus 
intensity and force generation was averaged over the contractile period for individual pillars, and 
then compared with each other using a Spearman’s test. Data represents 83 pillars from 2 
independent experiments.  
 
2.5 Discussion 
The traditional paradigm of force generation at the IS stipulates that early TCR signaling events 
lead to actin retrograde flow at the IS, generating force on TCR bonds, and leading to enhanced T 
cell activation. Activation in turn drives downstream signaling, further enhancing actin 
polymerization, and leading to positive reinforcement of TCR activation (23). However, this 
traditional paradigm is not seen in our system, which shows no significant relationship between 
force generation and TCR signaling in both naive and preactivated CD4+ T cells. There are a 
variety of possible explanations for this lack of correlation.  
 
One possibility is that a temporal correlation exists, but TCR signaling as represented by actin foci 
polymerization occurs on a timescale too dynamic for us to visualize on our imaging system. 
Although we can clearly see focus ‘blinking’ behavior lasting 20-40 seconds in naive T cells, and 
up to 100 seconds in preactivated T cells, these timescales are dependent on the intervals at which 
we take our images. However, studies have shown that T cell signal processing can occur at a 
smaller scale. Phosphorylation of TCR-proximal signaling moieties occurs within 4 seconds, 
48 
 
production of second messengers such as DAG and calcium influx occurs within 6-7 seconds, and 
cytoskeletal rearrangement occurs in 10 seconds (68–70). However, even these short timelines 
may reflect the limitations of the measurement tools used in these studies. For example, faster 
methods with muscle cells have shown an early mechanical response to stiffness that occurs within 
100 milliseconds after cell triggering (71). In addition, human T cells respond to chemokines 
within 100 milliseconds to initiate integrin-based tethering (72). Therefore, the rapid translation of 
T cell signaling may be on a timescale too short to visualize on our imaging system, which is 
limited by exposure time and sequential channel imaging.   
 
In addition, a central limitation to our pillar system is that only tangential forces can be measured. 
Previous research has shown that T cells exert both tangential and normal forces against APCs 
(39–43,73). However, the significance of the directionality of force generation is unclear. 
Although we believe that tangential forces are critical to sustain T cell signaling due to the 
tangential retrograde flow of actin at the IS, it is possible that normal rather than tangential forces, 
or perhaps a combination of the two, play a critical role in antigen recognition and therefore TCR 
signaling.  
 
These explanations assume that a temporal relationship between TCR signaling and force 
generation exists which we were not able to visualize. However, it is also entirely possible that 
there is no correlation. Explanations for this lack of correlation may involve discrepancies in the 




Unlike many other studies of force generation during T cell activation, which focus on the 
collective force exerted by the whole cell (40,74), our pillar system allows for the measurement of 
relatively local force generation at the IS. The micropillar array divides the IS into circular regions 
approximately 0.8 µm2 in area and the forces that we measure are local to those regions. However, 
a recent study using DNA-based force sensors has shown that individual TCR molecules exert 
forces in the 12-19 pN range. These forces are transmitted by individual TCR complexes during T 
cell activation and provide evidence for a mechanically-regulated model for antigen discrimination 
(73). However, naive CD4+ T cells on our pillar system exert an average contractile force of 310 
pN per pillar. Our interpretation of pillar forces, while local in size, may instead be representative 
of the concerted efforts of multiple TCR-aCD3 interactions, and are likely affected by global 
events within the T cell. Several pieces of evidence support this interpretation. Not only is the 
force per pillar on a much higher scale than is seen on a molecular level, but forces at the IS are 
strikingly well-organized. This is most clear in our experiments involving preactivated T cells. 
During the contractile stage, forces in these cells are symmetric, directed centripetally-inwards, 
concentrated at the periphery of the cell, and are maintained for at least 20 minutes during the 
contractile stage. On the contrary, actin foci polymerization during the contractile stage in 
preactivated T cells do not display nearly the same level of organization. Therefore, the forces we 
visualize on our pillars may be indicative of some level of integration of TCR signaling across the 
cell, or perhaps a higher order early T cell signaling machine beyond the triggering of individual 
TCRs.   
 
Studies have shown that TCR triggering is extraordinarily sensitive, as a single pMHC is enough 
to trigger cytokine secretion and calcium flux in T cells (75,76). In addition, individual pMHCs 
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can trigger the formation of sustained TCR microclusters (76). However, there are several models 
of higher-order signaling machines involved in early T cell activation that represent complex 
integrations of biochemical and biophysical cascades. Microclusters of pMHC and TCR molecules 
50-300 nm in diameter are generated immediately after T cell contact with a stimulatory surface 
(77,78). Microclusters are foci of active signaling, and induce rearrangement of the actin 
cytoskeleton via actin retrograde flow. Microclusters move with the cytoskeleton to the cSMAC 
as the center of the IS, where vesicles of TCRs are shed, leading to signaling downregulation (79). 
In this way, global actin cytoskeleton dynamics at the IS regulates T cell signaling. In addition, 
the LAT signalosome, formed downstream of TCR stimulation, has been shown to coalesce into 
higher-order, nanometer-sized molecular assemblies called LAT nanoclusters. These structures 
also depend on actin polymerization and enhance T cell activation and downstream function 
(80,81). It is possible that mechanosensing occurs through these higher level signalosomes, of 
which actin foci are not. It is also possible that actin foci are representative of higher level 
signalosomes, but correspond to a different level of TCR integration compared to force integration 
over pillar arrays. Therefore, early T cell signaling depends on multiple molecular machines with 
complex spatial and temporal dynamics. Understanding how T cells integrate the signals from 
these machines is a challenging task, as we see from our own pillar experiments.  
 
Finally, another possibility for a lack of correlation between TCR signaling and force generation 
is our focus in this chapter on analysis at the pillar tops. The two-dimensional IS has been 
established by most studies investigating the T cell-APC interface (82,83). In fact, the seminal 
studies on TCR microclusters have been performed on supported lipid bilayers on glass coverslips 
(84). However, these surfaces lack many features T cells would come in contact with during their 
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interactions with APCs, such as physiological rigidities, topographical deformability, molecular 
complexity, and the presence of a glycocalyx. Recent research has shown that T cells exert 
invadosome-like protrusions into APCs during IS formation, leading to increased T cell activation 
(85). These results, in combination with other recent studies, have shown that the IS is a dynamic 
three-dimensional interface (86–88). Therefore, the biophysical and biochemical characteristics of 
IS formation and development may be drastically different in a T cell seeded on a flat and rigid 
lipid bilayer than when a T cell is activated by an APC. Since our pillar array is a protrusion-
inducing topographical system, cells in contact with this surface may instead be morphologically 
distributed in 3D. This extra dimension complicates our interpretation of the IS in this chapter, as 
we focused only on the signaling components in the 2D interface at the tops of the pillars.  
 
In the next chapter, we investigate the implications of providing T cells a topograpically-
deformable activating substrate by characterizing T cell force generation and mechanosensing in 
the 3D IS. In this 3D interface, we will again visualize actin foci polymerization and correlate its 
distribution with force generation. We also investigate proteins that may be involved in a global 
mechanosensing model of force generation downstream of TCR stimulation. We move beyond 
actin focus polymerization and also investigate microtubule architecture, another integral 
cytoskeletal component at the IS, and its correlation with force generation. By leveraging a pillar 
system with rigidities and topographical deformability more characteristic of what T cells sense in 
vivo, our conclusions from the next hapter will facilitate future efforts to identify the mechanisms 









Recent evidence has shown that the immune synapse (IS) is a three-dimensional interface (85–88). 
However, the majority of previous studies on the IS have utilized artificial APCs based on two-
dimensional models of glass, gel surfaces, and planar lipid bilayers supported on glass. Although 
these synthetic systems provide optimal spatiotemporal resolution for monitoring protein response 
dynamics, they have rigidities in the gigapascals and lack topographical variety, and thus do not 
replicate the complex properties of the APC the T cell senses during cellular activation (82,83). In 
order to fully investigate the effects of mechanical properties on T cell biology and T cell force 
generation during activation, this chapter will utilize surfaces with rigidities in the physiological 
range and with topographical features that allow for 3D interactions that closer mimic the 
mechanical landscape T cells encounter in vivo.  
 
Unlike the previous chapter, which focused its analysis on the 2D interface at the pillar tops, in 
this section, we investigate the full 3D interaction between T cells and stimulatory elastomer 
micropillar arrays. In mapping the 3D IS, we show that preactivated CD4+ T cells exhibit extensive 
protrusions into our pillar arrays. We then look at 3D actin architecture, and show that there is no 
relationship between the TCR-stimulation-associated actin foci polymerization localized to pillars 
and the deflections these pillars experience. We then investigate the role of microtubule (MT) 
architecture at the 3D IS. In particular, we characterize the role of MT dynamics and microtubule-
organizing center (MTOC) repositioning in force generation, and show that MT architecture is 




Studies have shown that T cells are sensitive to the rigidities of their activating surfaces. Previous 
research from our lab has shown that both mouse and human T cells activate to different degrees 
depending on the mechanical properties of the stimulatory properties they encounter (38,50). A 
better activation response corresponds to an increased ability to generate force at the IS (40). With 
this in mind, we also investigate if the 3D MT architecture at the IS is mechanosensitive by 
performing our experiments on pillar arrays of different spring constants, and show that the MTOC 
centralization at the 3D IS is a mechanosensitive process. Finally, we seek to identify a potential 
mechanism through which MT architecture regulates force generation. We treat cells with 
nocodazole (NZ), a reversible inhibitor that disrupts MT polymerization, and find that while MT 
polymerization is not necessary for force generation, it is critical for maintaining synaptic integrity 





Cell-cell interactions modulate intercellular communication and play a crucial role in the 
development and function of numerous physiological processes. However, many of these 
interactions have not been well-characterized due to a variety of challenges visualizing the 
geometrically complex and highly dynamic nature of such associations.  In the immune system, T 
cells, as key modulators of the immune response, encounter different types of APCs with Young’s 
moduli ranging from 0.52-0.90 kPa. These rigidities are further modulated by inflammatory 
conditions (89). Peptide-MHC ligation on DCs, a type of professional APC, lead to polarized actin 
polymerization toward T cells during IS formation, thus preventing pMHCs from freely diffusing 
and facilitating the formation of TCR-pMHC microclusters (34,47). In so doing, the APC provides 
a mechanically complex and dynamic interface for T cell interaction. In order to form an effective 
IS, the T cell needs to be in close apposition to the APC (~14 nm) to allow the TCR to bind to the 
pMHC (90). However, cells are surrounded by a thick (50-500 nm) glycocalyx which not only 
provides spatial distance between cells but also charge repulsion (86). T cells therefore need 
mechanisms to overcome this energy barrier for effective antigen recognition. In these ways, the 
mechanical properties of the APC during IS development are integral components in the study of 
T cell activation.  
 
Towards this end, it has recently been found that T cells can produce a variety of protrusive 
structures into the APC membrane. These submicron-scale, actin-rich protrusions are seen in both 
CD4 and CD8 effector and memory T cells, induce close membrane apposition, and precede and 
support T cell activation in response to antigen stimulation (85,86) (Fig. 3.1A). Research has also 
shown that T cells are not flat but rather covered with finger-like protrusive microvilli. These 
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structures are composed of polymerized actin filaments and characterized by clusters of TCR 
molecules at their tips, suggesting that microvilli may serve as a three-dimensional structural 
scaffold for TCR clustering and microcluster movement upon TCR engagement (87). Microvilli 
have also been shown to facilitate ligand detection on the APC surface and stabilize upon antigen 
recognition. While these protrusions are dependent on the F-actin network, TCR-mediated 
protrusion stabilization is independent of the actin cytoskeleton, suggesting that multiple 
mechanisms are behind the maintenance of TCR microclusters (88) (Fig. 3.1B). Therefore, 
protrusive structures at the IS provide an effective mechanism for T cells to overcome resistance 
provided by the glycocalyx and bring the T cell and APC into close enough proximity to induce 
TCR-pMHC binding and contribute to the exclusion of larger inhibitory molecules such as CD45. 
Therefore, protrusions are the sites for TCR stimulation and microcluster formation, thus 
demonstrating the critical importance of investigating the IS in three dimensions. Finally, 
ellipsoidal artificial APCs have been shown to be more effective at antigen-specific induction of 
CTLs than spherical APCs (91). Therefore, T cell modulation of activation based on the 
topography of its activating substrates has clinical implications, indicating a critical role of 





Figure 3.1. The T cell-APC immune synapse is a 3D interface. (A) CD4+ T effector cells 
produce invadosome-like protrusions into the APC membrane in the presence of antigen. Image 
of T cell (red) and APC (grey) taken using transmission electron microscopy. Arrows indicate 
regions of close membrane apposition. Scale bar, 500 nm. (B) Effector T cells are covered with 
highly dynamic microvilli that allow the cell to effectively scan its surroundings for antigen. Upon 
antigen recognition, microvilli are stabilized at the IS. The live interface was imaged using lattice-
light sheet microscopy. Scale bar, 5 µm. Images from (86,88). 
 
However, most of the studies investigating the IS have been performed on glass or gel surfaces or 
on planar lipid bilayers supported on glass (Fig 3.2A-D). Although these synthetic systems provide 
optimal spatiotemporal resolution for monitoring protein response dynamics, they have rigidities 
in the gigapascals and do not have topographical variety, and thus do not replicate the complex 
properties of the APC the T cell senses during cellular activation (82,83). Therefore, it remains 
uncertain how to translate these rigid, flat models to the physiological cell-cell immune interface. 
In order to fully investigate the effects of mechanical properties on T cell activation and force 
generation during activation, this chapter will utilize surfaces with rigidities in the physiological 
range and with topographical features that allow for 3D interactions that closer mimic the 
mechanical landscape T cells encounter in vivo (Fig. 3.2E). 
 
In the previous chapter, we looked at the temporal relationship between TCR signaling and T cell 
force generation. In doing so, we focused on actin foci polymerization downstream of TCR 
triggering in the 2D IS. In this chapter, we investigate the roles of actin and microtubules (MTs), 
the two major cytoskeletal components of the T cell, in force generation at the 3D IS. Previous 
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research has shown that actin plays a critical role in antigen recognition and IS formation. In the 
3D IS, actin contributes to invasive pseudopodia and microvilli structures that probe into APCs. 
These structures may serve to increase the contact area of the T cell-APC interface, thus enabling 
increased antigen sampling capabilities.  
 
 
Figure 3.2. Studies of the IS use a variety of substrates which replicate physiological APCs 
to different degrees of success. (A) Beads coated with activating antibodies are put into contact 
with T cells through optical traps (92) and biomembrane force probes (40). While beads are 
relatively easy to produce and prepare, the extent of activation is difficult to control and interface 
imaging is complicated. (B) Cells are seeded on lipid bilayers incorporating activating molecules 
on top of glass coverslips (13). These surfaces allow for clear imaging of the IS dynamics but the 
diffusivity of these proteins are significantly higher than what is observed in vivo. In addition, the 
glass surface has a rigidity in the gigapascals. (C) Cells are seeded on glass coverslips coated or 
patterned with stimulating antibodies (93). These surfaces are simple to produce and image and 
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allow for controlled spatial segregation of proteins, but receptors are fixed and the glass coverslip 
has a rigidity in the gigapascals. (D) Cells are seeded on polyacrylamide (PA) gels coated with 
activating antibodies (49). Fluorescent beads embedded in the gel allow for traction force 
microscopy, and the PA gel can be produced with physiological rigidities. However, the proteins 
are fixed, the gel surface is topographically flat, and biochemical physical properties of the gel 
change with changing rigidity (38,94). (E) Elastomer micropillar arrays coated with activating 
antibodies allow for the measurement of cell-induced tangential force by detecting pillar 
displacements (39). The rigidity of the surface can be altered to physiologically-relevant stiffnesses 
by changing the geometry of the pillars, allowing for controlled modulation of surface stiffness 
without inadvertent material effects. In addition, micropillar arrays are a protrusion-inducing 3D 
system, allowing for controlled analysis of IS topography. However, coated receptors are fixed. 
Images adapted from (39,82,83).  
 
Interestingly, it has also been shown that actin and MTs work together to regulate IS development 
and T cell activation (51,95–97). MTs are a cytoskeletal class critically important for spatial and 
temporal organization in cells, playing an integral role in functions such as intracellular transport, 
signaling, motility, and cell division. The diversity of these functions requires MTs to be highly 
dynamic structures capable of rapid reorganization into complex arrays. MTs are composed of 
repeating subunits of an ɑ-tubulin-β-tubulin heterodimer. GTP-mediated contacts between the 
heterodimers form protofilaments, and 13 protofilaments form the hollow MT. The cell controls 
MT architecture by manipulating the timing and location of MT growth and shrinkage (98). MTs 
are structurally polarized, with a high growth rate ‘plus’ end, and a low growth rate ‘minus’ end. 
The nucleation of MT growth is energetically unfavorable, and in cells, this process is promoted 
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at a microtubule-organizing center (MTOC). The ‘minus’ end of MTs typically remain attached to 
the MTOC, which helps to organize overall MT architecture in the cell (99).  
 
During T cell migration, the MTOC is positioned at the back of the cell between the nucleus and 
the tail-like uropod at the back of the cell (100). Upon antigen recognition, at approximately the 
same time the IS is being formed, the MTOC repositions itself towards the front of the cell at the 
IS (101) (Fig. 3.3). This process is rapid, going to completion within several minutes after initial 
APC contact (102,103). Reorientation allows for microtubule (MT) minus end-directed transport 
of vesicles containing effector molecules such as cytokines to be directed towards the APC for 
polarized secretion. In CTLs, MTOC reorientation is necessary for directed secretion of lytic 
granules (104). In CD4+ T helper cells, vesicles containing IL-2, IL4, and IFNɣ are directed 
towards APCs (105–107). Thus, MTOC reorientation facilitates the targeted delivery of cytokines 
to a specific area of the IS, leading to increased effective cytokine concentration and limiting 





Figure 3.3.  The MTOC undergoes dynamic reorientation over the course of T cell migration 
and activation. (A) In migrating leukocytes (also known as white blood cells, of which 
lymphocytes such as T cells are a subgroup), the MTOC is located at the uropod, at the opposite 
end of the actin-rich lamellipodia at the leading edge. (B) Within minutes of antigen recognition 
from the APC, the IS is forming and the MTOC reorients itself to the interface between the T cell 
and the APC. MTOC-derived MT architecture facilitates targeted delivery of cytokines or lytic 
granules towards the APC. Image adapted from (100). 
 
MTs and the dynein motor complex have been implicated in the movement of TCR microclusters 
towards the cSMAC by enhancing microcluster internalization and termination. Therefore, MTs 
play a regulatory role in T cell activation where inhibition of MT polymerization or dynein 
function impairs microcluster centralization, leading to increased T cell activation (96). However, 
there is some debate on the role of the MT network on microcluster formation and movement. 
When cells were treated with an actin inhibitor that left the MT network intact, the formation and 
movement of microclusters were also blocked. Interestingly, microcluster velocity did not fully 
correspond with the speed of actin retrograde flow (51). Collectively, these results point towards 
a system of complex crosstalk between the actin cytoskeleton and the MT network, where both 
cytoskeletal systems work together to structure IS development and drive T cell activation. More 
specifically, evidence suggests that actin and MTs interact with each other through cytoplasmic 
membrane protein ezrin and scaffold protein Dlg1 (95). In cytotoxic T cells (CTLs), MTOC 
polarization to the IS has been correlated with actin clearance at the IS and is required for granule 
release (104). In Jurkat cells, a human CD4+ lymphoblast line, MTs suppress actin retrograde flow 




However, how these cytoskeletal components are organized and support force generation in the 
three-dimensional IS are not well understood. In this chapter, we investigate 3D actin and MT 
architecture using preactivated mouse CD4+ T cells seeded on elastomer micropillar arrays as our 
model system. We found that there was no relationship between the actin localized to pillars in the 
3D array and the deflections these pillars experience in our system. However, in our investigation 
of 3D MT architecture, we were able to visualize the movement of the MTOC to the IS over the 
course of T cell activation, and found a striking correlation between MT architecture and the 
organization of force generation at the IS. We focused on a correlation between the MTOC location 
and regionally-outwards ‘pushing’ forces. In addition, we found that MTOC centralized within the 
IS within minutes of TCR triggering, and this centralization was delayed on pillar arrays of 
increased spring constant, leading to decreased T cell activation. This indicates that the MT 
architecture at the IS is a mechanosensitive process. Finally, in order to identify a potential 
mechanism through which MT architecture regulates force generation, we treated cells with 
nocodazole (NZ), a reversible inhibitor that disrupts MT polymerization. Cells treated with NZ 
exhibited decreased MTOC centralization but maintained the relationship between MTOC location 
and force generation. In addition, NZ treatment resulted in more disorganized, asymmetric force 
generation at the IS. This indicates that MTs are not required for force generation, but are necessary 







3.3 Materials and Methods 
Micropillar array fabrication and preparation 
Masters for micropillar arrays were created as previously described. Pillars were designed to be 1 
μm in diameter and were arrayed in a hexagonal formation with 2 to 2.5 μm center-to-center 
spacing to ensure equispaced proximity among neighboring pillars. Pillars 3 and 6 μm tall were 
fabricated. Tapered pillars 6 μm tall with 2.5 μm center-to-center spacing were generously donated 
by Charles Black (Brookhaven National Laboratory). Negative molds were cast in PDMS (Sylgard 
184, Dow Corning) mixed in a 1:10 ratio and silanized overnight with (tridecafluoro-1,1,2,2,-
tetrahydrooctyl)-1-trichlorosilane (United Chemical Technologies). The negative molds were then 
used to cast PDMS pillar arrays directly onto thickness #0 Fisherbrand glass coverslips. In order 
to prevent pillar collapse, pillars were peeled in 100% ethanol and carefully moved into 1X PBS. 
Pillars were coated with streptavidin AlexaFluor 568 (Thermo, S11226), followed by biotinylated 
antibodies against CD3 and CD28 (eBioscience 13-0031, 13-0281). The surfaces were then moved 
into complete media (RPMI base, Thermo 21870092) prior to cell seeding and imaging. A detailed 
protocol for pillar preparation can be found in (59).   
 
Micropit array fabrication and preparation 
Micropit arrays were fabricated as described in (109). Briefly, pillar features were fabricated using 
SU-8 on silicon wafers. Pillar features were designed to be 2 μm in diameter and 9 μm in height. 
Wafers were silanized and PDMS mixed in a 1:10 ratio was poured on top and cured. Cured PDMS 
was peeled off and used as micropit arrays. Arrays were coated with streptavidin AlexaFluor 568, 
followed by biotinylated antibodies against CD3 and CD28. In order to coat only the tops of the 
micropit arrays, we used micropatterning techniques. Briefly, PDMS blocks were coated with 
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labeled streptavidin and inverted on top of the micropit array with a small weight. The PDMS 
block was removed after 5 minutes, and the micropit array was blocked with 5% bovine serum 
albumin (BSA) for 2 hours at room temperature. The array was then coated with biotinylated 
antibodies against CD3 and CD28. Surfaces were moved into complete media prior to imaging. 
 
T cell isolation and culture 
Mouse CD4+ T cells were isolated from the spleens of C57BL/6 mice aged 6-10 weeks. After an 
initial extraction through a 40 μm filter, naive CD4+ cells were enriched via negative selection 
using Invitrogen Dynalbeads Untouched kit (Invitrogen 114-15D). For preactivation, naive CD4+ 
T cells were seeded on surfaces coated with anti-CD3 (eBioscience 16-0031) and were maintained 
in complete RPMI supplemented with anti-CD28 (eBioscience 14-0281) and rhIL-2 (Peprotech 
200-02) for 48 hours. Cells were then recovered overnight in complete RPMI supplemented with 
rhIL-2. For experiments, cells were cultured for up to 30 minutes in complete media supplemented 
with rhIL-2 at 37°C, 5% CO2. Temperature and gas concentrations were maintained with a Tokai 
stage top incubation system. For live tracking of the cell membrane, cells were stained with 
CD45.2 AlexaFluor 488 Fab regions generously donated by Morgan Huse (Memorial Sloan 
Kettering Cancer Center). For inhibitor experiments, cells were pretreated with nocodazole (Sigma 
M1404) in complete media supplemented with rhIL-2 for 15 minutes at 37°C, 5% CO2, and were 






Cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature and the membrane 
permeabilized with 0.1% Triton X-100 in 1X PBS for 15 minutes at room temperature. Samples 
were then blocked with 5% BSA for 2 hours at room temperature or overnight at 4°C. Antibodies 
targeting CD45.2 labeled with AlexaFluor 488 or 647 (Biolegend 3106, 3107) and β-tubulin 
AlexaFluor 488 (BD Biosciences 558605) were used in immunostaining. 
 
NFκB translocation 
Cells were fixed and permeabilized using a FOXP3 fix/perm kit (Biolegend 421403). Cells were 
blocked with 5% BSA for 2 hours at room temperature or overnight at 4°C, and then stained with 
an antibody against NFκB subunit p65 (CST 8242), followed by secondary antibody goat anti-
rabbit AlexaFluor 647 (Invitrogen A21244), nuclear stain Hoechst 33342 (Thermo 66249), and 
membrane stain CD45.2 AlexaFluor 488 (Biolegend 3106). Using the nuclear and membrane 
stains as guidelines, background-subtracted mean NFκB signal corresponding to the nucleus and 
to the cytosol were measured using ImageJ/Fiji. The ratio of mean nuclear-NFκB and mean 
cytosolic-NFκB intensity for individual cells was then calculated.  
 
Data acquisition and statistical analysis 
Images were collected using an Olympus IX-71 fluorescence microscope with an Andor iXon3 
EM-CCD equipped with a 100X/1.45 NA Plan Apochromat objective (Olympus) and a 60X/1.45 
NA UPLFLN TIRF objective (Olympus). 350, 488, 568, and 647 nm illumination channels were 





For tracking pillar displacements, timelapse stacks were drift-corrected and aligned with a custom 
MATLAB code. Pillar traces were generated using the Particle Tracker plug-in developed by 
Mosaic at ETH. Traces for active pillars and background pillars were saved as text files, and 
imported into Matlab. The forces associated with pillar deflections were calculated using the same 
parameters as described in Chapter 2. Force vector images were created using a custom code in 
MATLAB. 
 
Force generation was calculated in MATLAB with a directionality parameter based on the cell 
centroid where centripetally-inward ‘pulling’ forces towards the centroid were assigned a negative 
value, and centripetally-outwards ‘pushing’ forces away from the centroid were given a positive 
value. Force per pillar calculations were averaged over the contractile period, and the average 
contractile force per pillar was determined for each cell. 
 
To quantify the relationship between MTOC location and force generation, an MTOC-Force factor 
(MF) was created. First, the average distance between the MTOC location and the surrounding 3 
pillars was calculated (x). Then, using the distance and angle from the MTOC location and a 
reference pillar, the spatial relationship was replicated in a control region without pillar deflections. 
The average distance between the replicated MTOC location and the surrounding three pillars in 
the control region was calculated (y) and subtracted from (x) to calculate the MF. Therefore, an 
MF of zero is indicative of insignificant directional force, MF>0 a regionally outwards ‘pushing’ 




To quantify MTOC centralization over time, cells were fixed 1-30 minutes after seeding, and the 
distance between the MTOC location and the centroid of the cell was calculated and normalized 
to the radius of the cell as estimated by the cell circumference. 
 
Statistical analysis was performed in GraphPad Prism 6. The difference between two conditions 
was determined using a Mann-Whitney test. Multiple conditions were compared using Kruskal-
Wallis test, and the validity of multiple comparisons was corrected for with the Dunn’s test. 
Statistical tests were carried out using significance level α = 0.05. All data is representative of at 
least two independent experimental runs, though in the interest of aligning with strict temporal 





Preactivated T cells exhibit robust and dynamic penetration into micropillar arrays driven 
by cell activation 
Preactivated CD4+ T cells were seeded on antibody-coated elastomer micropillar arrays, and fixed 
and stained for surface marker CD45.2 at time points corresponding to different phases of IS 
maturation. We found that T cells penetrate rapidly into stimulatory pillar arrays and exert forces 
over three discrete phases of engagement (Fig. 3.4). In the early phase 1 min after seeding, the T 
cell initializes contact with the array and exerts minimal forces. In the middle phase 10 minutes 
after seeding, portions of the T cell have penetrated into the pillar array but protrusions are 
asymmetric. In the late phase 30 minutes after seeding, the T cell has fully and symmetrically 
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penetrated into the array, and force generation is characterized by centripetally inwards ‘pulling’ 




Figure 3.4. Preactivated CD4+ T cells penetrate rapidly into stimulatory pillar arrays and 
exert forces over three discrete phases of engagement. (A) A 2D schematic shows a typical 
interaction of a T cell (green) with an antibody-coated micropillar array (red). Pillars used in these 
experiments are 1 µm in diameter, 6 µm in height, with 2 µm center-to-center spacing. The 
displacement of the pillars within the array, 𝛅, is used to calculate the forces generated as described 
in section 3.3. (B) The T cell (surface labeled with CD45.2, in green) engages with pillar arrays 
(coated with streptavidin, in red) in three discrete phases. The top row shows a z-projection side 
view of the interaction. The next three rows show slices from the pillar top (t), the pillar middle 
(m) ~3 µm below the top, and the pillar base (b) 6 µm below the pillar top. In the early phase 1 
min after seeding, the T cell initializes contact with the array and exerts minimal forces. In the mid 
phase 10 minutes after seeding, portions of the T cell have penetrated into the pillar array and 
protrusions are asymmetric. In the late phase 30 minutes after seeding, the T cell has fully 
penetrated into the array, and force generation is symmetric, characterized by centripetally inwards 
‘pulling’ forces at the periphery of the cell. Scale bar, 5 µm. 
 
In order to determine if the invasive behavior of preactivated T cells was due to nonspecific coating 
of the entire pillar array, we looked for a way to selectively pattern only the tops of the activating 
surface. However, the high aspect ratio of the micropillar array made attempts to pattern of the 
tops of the pillars unreliable, as even pillars stabilized in air with critical point drying would readily 
collapse under the stamping pressure. In addition, pillars that stayed upright had uneven levels of 
protein transferal. As a workaround, we used arrays of micropits similar to the negative cast of the 
pillar arrays (Fig. 3.5A). These arrays provide the necessary topography for invasive cellular 
morphology while being bulky enough to withstand the stamping process. Arrays were stamped 
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with streptavidin and then blocked with 5% BSA in order to prevent protein absorption inside the 
pits. Micropit arrays were then finally coated with activating antibodies, leaving the sides of the 
pits uncoated. Cells were seeded on these surfaces, and morphological changes were visualized 
with F-actin staining (Fig. 3.5B). Fixing and staining after 30 minutes revealed that cells on coated 
micropit arrays penetrated into the array, thus following what we observed on our coated 
micropillar arrays. However, cells seeded on stamped micropits demonstrated similar levels of 
cellular penetration into the arrays, with protrusions reaching up to 2 μm in depth (Fig. 3.5B). 
 
 
Figure 3.5. T cell penetration is in part driven by surface topography. (A) Schematic 
representation of the micropits topographic pattern and the morphology of a cell seeded on top of 
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the micropit array. The array used had pits 2 µm in diameter and 9 µm in depth, as verified by 
scanning electron microscopy. (B) Micropit arrays were either coated with activating antibodies 
or were stamped on the tops of the array, limiting antibody coverage to the array top and excluding 
coverage from the pits. Cells were seeded on these two surfaces, fixed after 30 minutes, and stained 
for F-actin (red) as an indicator of cell morphology. Cells on both surfaces extended protrusions 
into the micropits, as determined by z-stacks extending into the micropit features. Scale bar, 5 µm. 
 
These results collectively suggest that the penetration behavior observed on micropillar arrays 
were in part driven by activating signal and also in part by surface topography. While activating 
signal is required for cell adhesion and spreading, the introduction of protrusive structures was a 
direct consequence of the topography of the arrays. These 3D structures would be difficult, if not 
impossible, to visualize on planar systems. Collective results therefore suggest that the full 
characterization of the T cell IS necessitates a topographically-relevant substrate that allows for 
morphological changes more characteristic of the physiological cell-cell immune interface. 
 
Actin polymerization inside penetration regions is nonspecific with force generation 
The previous chapter looked at actin dynamics on pillar tops using preactivated Lifeact-RFP CD4+ 
T cells. In these cells, actin was concentrated at the cell periphery and in foci-like features localized 
to the tops of pillars towards the center of the cell. In this chapter, wild type preactivated CD4+ T 
cells were seeded on stimulatory micropillar arrays, fixed in the contractile stage 10 minutes after 
initial seeding, and stained for F-actin (Fig. 3.6). These cells displayed similar features on pillar 
tops as Lifeact-RFP cells; lamellipodial-like actin was concentrated at the cell edge and actin foci 
localized to pillars at the center of the cell (Fig. 3.6A, red). However, pillar deflections were 
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concentrated at the cell periphery, and minimal forces were seen in the cell center (Fig 3.6A, blue). 
Since actin foci colocalized to TCR microclusters are responsible for T cell activation (55), there 
does not seem to be a correlation between TCR stimulation and force generation when focusing 
on the pillar tops. This is consistent with our 2D analysis in the previous chapter.   
 
Figure 3.6. Actin polymerization inside penetration regions is nonspecific with force 
generation. Preactivated CD4+ T cells were seeded on micropillar arrays (blue) and fixed and 
stained for F-actin (red) 10 min after seeding. Images are z-slices of representative cells at the 
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pillar top, pillar middle approximately 3 µm below the pillar top, and the pillar bottom 6 µm below 
the pillar top. Scale bar, 5 µm. 
 
In order to characterize actin focus polymerization in the 3D IS, we took z-stacks of the interface 
between penetrating cells and pillar arrays. Halfway down into the pillar array, approximately 3 
µm down from the pillar top, actin was seen at the cell edge and in rings localized to the pillar 
features (Fig. 3.6B). However, the pillar-associated actin in this z-region seemed to be distributed 
randomly, with no clear relationship to the pillar-associated actin at the pillar top, and no clear 
association with force generation. At the pillar bottom, 6 µm down from the pillar top, actin was 
concentrated in rings around pillars (Fig. 3.6C). However, the pillars with actin rings were 
inconsistent compared to those with rings higher up in the cell, and again have no clear correlation 
with force. Therefore, actin is polymerized throughout the 3D IS and is not correlated with force 
generation. 
 
Live cell imaging of LifeAct-RFP CD4+ T cells at a variety of z-depths at the pillar interface 
revealed that actin polymerization events underneath the pillar top are equally as dynamic as those 
at the pillar top. As mentioned in the previous chapter, polymerization occurred in bursts, 
exhibiting ‘blinking’ behavior lasting 20-100 seconds per ‘blink’. These bursts often repeat at the 
same pillars throughout the contractile phase. ‘Blinking’ behavior was also seen at the pillar middle 
3 µm below the pillar top. However, the pillars the polymerization events localized to at the pillar 
middle were different than those they localized to at the pillar top, similar to what we see in the 
fixed samples (Fig. 3.6). In addition, bursts occurred on pillars in the cell center, where minimal 
forces are exerted. Due to this ‘blinking’ behavior, we conclude that actin polymerization events 
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localized to pillar features throughout the pillar array are not an indication of the cell cytoskeleton 
but represent actin foci specific to TCR signaling. Live actin dynamics therefore confirm the lack 
of correlation between TCR-generated F-actin focus polymerization and force generation that we 
see in fixed wild type cells stained for F-actin.  
 
These results indicate that actin polymerization occurs throughout the 3D IS, with actin foci 
specific to TCR signaling localized to the pillars. Actin foci polymerization in the middle of the 
pillar 3 µm down from the pillar top localize to different pillars than the polymerization events at 
the pillar top. However, foci polymerization throughout the 3D interface occurs in bursts lasting 
20-100 seconds. Critically, these polymerization events are nonspecific with force generation not 
only at the pillar tops but also throughout the pillar array.  
 
The MTOC translocates to the IS within the pillar array 
Having established a lack of correlation between TCR signaling-induced actin polymerization and 
force generation in the 3D IS, we next looked to characterize microtubule architecture, another 
major cytoskeletal component in T cells. MT architecture was visualized by staining preactivated 
CD4+ T cells for β-tubulin, a component of the MT subunit tubulin. Pillar arrays were again coated 
with streptavidin conjugated to AlexaFluor 568, followed by coating with biotinylated anti-CD3 
and anti-CD28. Cells were fixed and stained 1, 10, and 30 minutes after seeding on pillar arrays. 
These time points were chosen to represent the multiphasic penetration response of preactivated T 
cells shown in Fig. 3.4.  
 
During the early IS 1 minute after cell seeding, the MTOC, visualized as a concentrated region of 
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MT signal within the cell, was in the back of the cell and not in contact with the pillar array (Fig. 
3.7, early). Within 10 minutes of TCR stimulation, the cell began extensive asymmetric penetration 
into the pillar array, and the MTOC had moved into the array alongside T cell penetration (Fig. 
3.7, mid). 30 minutes after seeding, the cell was fully penetrated into the array, and the MTOC 
was centered within the T cell (Fig. 3.7, late). As expected, MTs fan out from the MTOC in a 





Figure 3.7. When the T cell is activated, the MTOC and the MT architecture penetrate into 
pillar arrays during its relocation to the IS. As the T cell (labeled with CD45.2, in red) 
penetrates into stimulatory pillar arrays (coated with streptavidin, in grey), the MTOC and its 
associated MTs (labeled with β-tubulin, in green) move to the IS in phases. The top row shows a 
z-projection side view of the interaction. The next three rows show slices from the pillar top (t), 
the pillar middle (m) ~3 µm below the top, and the pillar base (b) 6 µm below the pillar top. One 
minute after cell landing, the MTOC is in the back of the cell. Within minutes of TCR stimulation, 
the cell has begun extensive penetration into the pillar array, and the MTOC has moved into the 
array ~3 µm below the pillar tops, where it stabilizes. 30 minutes after seeding, the cell is fully 
penetrated into the array, and the MTOC is centered within the IS ~3 µm below the pillar tops. 
Scale bar, 5 µm. 
 
CD45 staining revealed that cells 10 and 30 minutes after seeding exhibited robust penetration into 
the pillars often reaching the bottom of the arrays (Fig. 3.7, b). However, surprisingly, the MTOC 
settled not at the bottom of the cell penetration zone at the bottom at the pillar array, but hovered 
approximately 3 µm above the pillar bottom (Fig. 3.7, m). Since the MTOC relocates to the IS 
during T cell activation, the IS in penetrating cells is below the pillar top, but above the base of T 
cell protrusions. 
 
Microtubule architecture is correlated with force generation 
We next looked more closely at MT architecture at the IS by fixing and staining cells 10 minutes 
after seeding. This time point was chosen because preactivated T cells typically begin their 
contractile phase within 5 minutes of initial surface contact and maintain this phase for the next 
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hour. Therefore, the interaction between the T cell and the pillar array at the 10 minute time point 
represents a mature, stable IS.  
 
We found that MTs radiate out from the MTOC in patterns delineated by pillar geometry, as MTs 
were located in the channels between pillars (Fig 3.8B). This made conceptual sense as MTs are 
an integral component of the framework that helps maintain cell structure and generate the force 
required for cell movement, and therefore have a high rigidity (110). Focusing on force generation 
through analysis of pillar deflections, the pillars under a cell were divided into regions 
characterized by the deflections of regional pillars relative to each other: ‘pull’ regions where 
pillars are directed regionally inwards towards each other, ‘push’ regions where pillars are directed 
regionally outwards away from each other, and ‘control’ regions where pillars do not undergo 
significant force generation (Fig. 3.8A). Using these guidelines, the MTOC was located next to a 
region of ‘pull’ forces. (Fig. 3.8C, ‘pull’ region indicated by a white circle). MT architecture in 
this region was characterized by MTs surrounding and curling around these deflected pillars. 
Furthermore, the MTOC itself was located in a region of significant ‘push’ forces (Fig. 3.8D, 
‘push’ region indicated by a white circle). The MTOC was located directly in the center of the 
region of ‘push’, with MTs fanning out between the surrounding pillars. By comparing MT 
architecture and pillar deflections, we see a relationship between MT architecture and spatial 
patterns of force generation, suggesting that MT recruitment to the IS helps coordinate force 
generation at the 3D IS.  
 
To quantify the spatial relationship between MTOC location and force generation, the MTOC-




Figure 3.8. Microtubule architecture is delineated by pillar geometry and is spatially 
correlated with force generation. T cells were seeded on pillars coated with activating antibodies 
(blue) and were fixed after 10 minutes and stained for β-tubulin (green). (A) Schematic of how the 
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pillars under a cell were divided into regions characterized by the deflections of regional pillars 
relative to each other: ‘pull’ regions where pillars are directed regionally inwards towards each 
other, ‘push’ regions where pillars are directed regionally outwards away from each other, and 
‘control’ regions where pillars do not undergo significant force generation. (B) MTs stretch out 
between pillars (blue). Images from both channels taken 3 µm beneath the tops of the pillars. (C) 
MTs curl around regions of ‘pull’ (white circles), where pillars are directed inwards towards each 
other. Pillar channel (blue) taken at the pillar top, MT channel (green) taken 3 µm beneath the 
pillar top. (D) The MTOC is located at a region of ‘push’ (white circles), where pillars are directed 
outwards away from each other. Pillar channel taken at the pillar top, MT channel taken 3 µm 
beneath the pillar top. Scale bar, 5 µm. 
 
between the MTOC and the pillars in its immediate vicinity and subtracts the average distance 
between the MTOC and non-deflected pillars. An MF greater than zero delineates a cell with an 
MTOC associated with a region of ‘push’, and an MF less than zero is indicative of an MTOC 
associated with a region of ‘pull’ (Fig. 3.9A). To validate this metric, MF was calculated for 
regions without pillar deflections. The calculated MF should be minimal, and accordingly, the 
control MF was determined to be 0.0012 ± 0.054 (mean ± SD) (Fig. 3.9B). In the mature, 10 min 
IS, the MF was 0.28 ± 0.20, indicating an association between MTOC location with ‘push’ forces. 
In the 30 min IS, the MF was 0.13 ± 0.19, indicating that the MTOC is still associated with a region 
of ‘push’, but to a lesser extent (Fig. 3.9B). It is important to note that the decreased MF at the 30 
minute time point is not due to a decreased association with the MTOC with force generation, but 
rather that the MTOC generally moves closer to the center of the IS by 30 minutes. The 30 minute 
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IS exhibits less extreme force generation at the center of the cell, with the majority of force 
generation at the cell periphery.  
 
 
Figure 3.9. MTOC is located at a location of regionally outwards forces. (A) A schematic of 
how the MTOC-force (MF) factor is calculated. First, the average distance between the MTOC 
location (red asterisk) and the surrounding 3 pillars was calculated (ɑ). The distance and angle 
from the MTOC location and a reference pillar X was replicated in a control region without pillar 
deflections. The average distance between the replicated MTOC location and the surrounding three 
pillars in the control region was calculated (β) and subtracted from (ɑ) to calculate the MF. (B) 
MF was calculated for samples fixed after 10 or 30 minutes, and compared against a negative 
control where MF was calculated from control regions without pillar deflections. Data are mean ± 
SD, representing at least 40 cells per condition from 3 independent experiments, and were analyzed 




These collective results show that MTOC moves to regions of penetration in the 3D IS, a 
phenomenon that cannot be replicated in 2D systems. Interestingly, the distribution of MT 
architecture at the IS follows the pattern of force generation exerted by the T cell during IS 
development. MT and MTOC dynamics follow regions of ‘push’ and ‘pull’ forces, as determined 
by the deflection of pillars underneath the cell. Therefore, MT architecture is correlated with force 
generation at the IS. 
 
MTOC centralization occurs over the course of IS maturation 
In T cells, the MTOC undergoes a dramatic repositioning to the IS after TCR activation (102,103). 
At the IS, the MTOC specifically orients itself to a central region at the T cell-APC interface in 
order to facilitate cytokine and lytic granule secretion (104). To visualize this dynamic movement 
on our pillar system, we seeded T cells on our pillar arrays, fixed them 1, 10 and 30 minutes after 
cell landing, and then stained for β-tubulin to visualize MT architecture as well as CD45.2 to 
visualize MTs in the context of the cell membrane. We determined MTOC location at the IS by 
measuring the distance between the MTOC and the centroid of the cell, and normalized this value 
to the cell radius (Fig. 3.10B). Therefore, a smaller distance/radius parameter is indicative of 
increased MTOC centralization. 
 
Within 1 minute of T cell landing on the pillar surface, the MT architecture at the IS was poorly 
organized, and a significant number of MTOCs had not moved to the T cell interface at the pillar 
array (Fig. 3.10A). Only cells that experienced MTOC relocation to the pillar array were analyzed. 
Since this relocation did not occur in a significant number of cells, our centralization measurement 






Figure 3.10. MTOC translocation to the IS is a biphasic process. (A) T cells were seeded on 
pillars (blue) coated with activating antibodies and were fixed after 1, 10, and 30 minutes and 
stained for β-tubulin (green) and CD45.2 (red). All images were taken from a slice in the pillar 
middle ~3 µm below the pillar top. One minute after seeding, cells that that experienced MTOC 
relocation to the pillar array exhibited poor MTOC centralization. After 10 minutes of interaction, 
the MTOC is centralized at the IS interface, and this centralization is maintained at the 30 minute 
time point. Scale bar, 5 µm. (B) MTOC centralization is quantified by measuring the distance 
between the centroid of the cell (red ‘X’) and the MTOC location (green ‘X’). This number, the 
‘distance’, is then normalized to the radius of the cell as estimated by the cell’s circumference. 
Scale bar, 5 µm. (C) The MTOC fully centralizes at the IS within 10 minutes of T cell landing on 
the pillar array. Data are mean ± SD, representing at least 130 cells per condition from 3 
independent experiments, and were analyzed by Kruskal-Wallis ANOVA with Dunn’s multiple 
corrections test, ɑ=0.05, ****p<0.0001. 
 
measured to be 0.34 ± 0.14 (mean ± SD) (Fig. 3.10C). Ten minutes after T cell landing, the MTOC 
in the vast majority of T cells reached the IS, and the distance/radius decreased significantly to 
0.20 ± 0.12, indicative of significantly increased MTOC centralization (p<0.0001) (Fig. 3.10A,C). 
These results show that MT architecture is dynamic, and that the MTOC moves to the edge of the 
IS and then to the center of the IS over the course of T cell activation. As mentioned in the previous 
chapter, preactivated T cells reach their contractile stage within 5 minutes of landing and are stable 
thereafter. Accordingly, distance/radius measured 30 minutes after cell landing was 0.19 ± 0.11, 




We conclude that MTOC repositioning after TCR activation occurs in two phases: the MTOC first 
moves to the side of the IS, followed by relocation to the center of the IS. On our pillar system, 
the centralization of the MTOC at the IS is completed by the initiation of the stable contractile 
phase within 10 minutes of T cell landing.  
 
MTOC centralization is mechanosensitive 
In order to determine if MTOC repositioning at the IS is a mechanosensitive process, we used a 
pillar array of increased spring constant. These pillars maintained the 1 µm in diameter and spacing 
but were 3 µm in height (Fig. 3.11A, ‘1-3’). As a result, these pillars were eight times more rigid 
than 6 µm tall pillars, representing pillar spring constants of 6.2 and 0.77 nN/µm, respectively.  
 
T cells on 1 µm diameter and 3 µm tall pillars (‘1-3’) penetrated into the arrays in the same phases 
as they do in 1 µm diameter and 6 µm tall pillars (‘1-6’). Namely, 1 minute after landing, cells 
spread onto the pillars but do not penetrate into the arrays. 10 minutes after landing, cells 
penetrated asymmetrically into the arrays, and full penetration was achieved within 30 minutes 
after landing. On 1-3 pillars, T cells spread to a greater extent than on 1-6 pillars, indicating 
increased intracellular tension. However, MTs fanned out from the MTOC in a similarly 
directional manner, and the MTOC and the MT architecture were concentrated 2-3 µm down 
beneath the pillar tops (Fig. 3.11B, ‘1-3’). However, since 1-3 pillars were 8 times as rigid, 
deflections were minimal, and for the most part could not be visualized on our system.  
 
MTOC centralization at the IS was calculated as mentioned in the previous section. While there 
was no significant difference in MTOC centering at the early 1 min IS (distance/radius = 0.39 ± 
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0.16 on 1-3 pillars, distance/radius = 0.34 ± 0.14 on 1-6 pillars, p>0.99), in the mature 10 min IS, 
cells on stiffer 1-3 pillars exhibited significantly less MTOC centering than those on softer 1-6 
pillars (distance/radius = 0.27 ± 0.14 on 1-3 pillars, distance/radius = 0.20 ± 0.12 on 1-6 pillars, p 
= 0.0005) (Fig. 3.11C). Unlike cells on 1-6 pillars which reached complete centralization at 10 
minutes, centralization on 1-3 pillars by 10 minutes was significantly decreased compared to 30 
minute centralization (distance/radius = 0.29 ± 0.13 at 10 minutes, distance/radius = 0.22 ± 0.12 
at 30 minutes, p = 0.018) (Fig. 3.11C). 30 minutes after seeding, cells on both 1-3 and 1-6 pillars 
achieved similar degrees of MTOC centralization (distance/radius 0.21 ± 0.12 on 1-3 pillars, 
distance/radius = 0.19 ± 0.11 on 1-6 pillars, p>0.99) (Fig. 3.11C). Therefore, while MTOC 
centralization at the IS was complete within 10 minutes after T cell landing on 1-6 pillar arrays, 
the increased spring constant of 1-3 pillar arrays led to a significant delay in MTOC centralization 
in the mature IS.  
 
However, in our comparison of 1-6 and 1-3 pillars, it is unclear if the cell is responding to 
differences in spring constant or topography. Since naive T cells do not penetrate into the arrays 
until hours after seeding (unpublished data, K. Bashour), changing the heights of the pillars under 
naive T cells meant solely changing the stiffness of the substrate. However, as we see in this 
chapter, preactivated T cells penetrate into the pillar arrays almost immediately after seeding. 
Thus, the cell may also be sensing the differences in array topography. In order to determine which 
factor led to the observed difference in MTOC centralization, we performed experiments 
separating the effects of spring constant and topography by using pillar arrays of a similar spring 
constant as the 1-3 pillars and a similar topography as the 1-6 pillars. This was achieved by tapering 






Figure 3.11. MTOC centralization is delayed on pillars of increased spring constant. (A) 
Pillar geometries used are 1 µm diameter, 3 µm height (‘1-3’), 1 µm diameter, 6 µm height (‘1-
6’), and 1 µm diameter top, 1.8 µm diameter base, 6 µm height (‘taper’). ‘1-6’ and ‘taper’ pillars 
have similar topographies, and ‘1-3’ and ‘taper’ pillars have similar spring constants. (B) T cells 
were seeded on pillars (blue) coated with activating antibodies and were fixed after 10 minutes 
and stained for β-tubulin (green) and CD45.2 (red). All images were taken from a slice in the pillar 
middle ~3 µm below the pillar top. Scale bar, 5 µm. (C) MTOC centralization is measured as in 
Fig. 3.10. While cells on all 3 pillar geometries exhibited MTOC centralization over time and 
reached the same level of centralization 30 minutes after seeding, cells on ‘1-3’ and ‘taper’ pillars 
had significantly decreased levels of centralization at the 10 minute time point compared to the 
centralization seen at the 30 minute time point. Data are mean ± SD, representing at least 90 cells 
per condition from 3 independent experiments, and were analyzed by Kruskal-Wallis ANOVA 
with Dunn’s multiple corrections test, ɑ=0.05, *p<0.05, ***p<0.001. 
 
1-3 and 1-6 pillars had a pillar top and base diameter of 1 µm, the tapered pillars had a pillar top 
diameter of 1 µm and a pillar base diameter of 1.8 µm (Fig. 3.11A, ‘TAPER’). As a result, the 
tapered pillars had a spring constant of 6.7 nN/µm, similar to the spring constant achieved with the 
1-3 pillar array.  
 
We performed the same MTOC centralization experiments on the tapered pillars. On cells at the 
early 1 minute and the late 30 minute samples, MTOC centralized to the same degree as the 1-3 
and 1-6 pillars (distance/radius = 0.35 ± 0.17 at the 1 minute IS and distance/radius = 0.20 ± 0.11 
at the 30 minute IS). However, MTOC centralization at the 10 minute IS was significantly 
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decreased compared to the extent of centralization at the 30 minute IS (distance/radius = 0.27 ± 
0.14 at the 10 minute IS and distance/radius = 0.20 ± 0.11 at the 30 minute IS, p = 0.011) (Fig. 
3.11C). Therefore, cells on tapered pillars experienced a delay in MTOC centralization at the 10 
minute time point to a similar extent as the delay seen on 1-3 pillars. Since the tapered pillars have 
a comparable spring constant as the 1-3 pillars but a different topography, and a comparable 
topography as the 1-6 pillars but a significantly higher spring contant, these results indicate that 
the delay in MTOC centralization is due to a difference in substrate spring constant and not 
topography. These collective results show that MTOC centralization at the IS is a 
mechanosensitive process. 
 
Delayed MTOC centralization leads to decreased T cell activation 
We next sought to determine if the difference in MTOC centralization on pillars of different spring 
constants has a functional output by investigating NFκB translocation in T cells. Nuclear factor 
NFκB is family of transcription factors that is typically sequestered in the cytosol in its inactive 
state by its interaction with IκB proteins, a family of proteins that mask the NFκB nuclear 
localization sequence and DNA-binding domains. TCR stimulation leads to the ubiquination and 
subsequent degradation of the IκB proteins, allowing NFκB to enter the nucleus and bind to DNA 
sequences that control T cell proliferation and regulation (65,111) (Fig. 3.12A). Previous research 
on NFκB translocation in T cells has shown that the generation of the transcriptionally active form 
of NFκB undergoes an exponential increase within 20 minutes after T cell triggering (112–114). 
Therefore, the timing of NFκB dynamics makes it an ideal candidate as an interim metric T cell 




In order to quantify NFκB translocation, we seeded T cells on 1-6, 1-3, and tapered pillar arrays, 
fixed the cells after 10 minutes, and stained for NFκB subunit p65, nuclear stain Hoechst, and 
membrane stain CD45.2. Using the nuclear and membrane stains as guidelines, background-
subtracted mean NFκB signal corresponding to the nucleus and to the cytosol were measured. The 
ratio of mean nuclear-NFκB and mean cytosolic-NFκB intensity for each individual cell was then 
calculated (Fig. 3.12B).  
 
 
Figure 3.12. NFκB translocation to the nucleus, an indication of T cell activation, is decreased 
in cells with delayed MTOC centralization. (A) NFκB is translocated to the nucleus downstream 
of TCR activation in a complex signaling cascade. Following antigen engagement of the TCR, 
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proximal signaling events leads to the activation of a specific protein kinase C (PKC) isoform 
PKCθ. PKCθ phosphorylates adaptor protein caspase recruitment domain (CARD)-containing 
MAGUL protein-1 (CARMA1). CARMA1 then associates with small adaptor protein B cell 
leukemia/lymphoma-10 (BCL10) and protease mucosa-associated lymphoid tissue lymphoma 
translocation protein-1 (MALT1), forming the CBM complex. The CBM complex is ubiquitinated, 
recruiting the IκB kinase (IKK). IKK becomes phosphorylated, and activates the inhibitor of κBɑ 
(IκBɑ), resulting in its degradation and enabling the release of NFκB from cytosolic sequestration. 
NFκB then translocates to the nucleus, where it governs the transcription of numerous genes 
involved in T cell survival, proliferation, and effector function (113). (B) Cells are fixed 10 minutes 
after seeding on ‘1-3’, ‘1-6’ and ‘taper’ pillars, and stained for NFκB, CD45.2, and the nucleus. 
Using the nuclear and membrane stains as guidelines (red and yellow lines, respectively), 
background-subtracted mean NFκB signal corresponding to the nucleus and to the cytosol were 
measured. The ratio of mean nuclear-NFκB and mean cytosolic-NFκB intensity for each individual 
cell was then calculated. Scale bar, 5 µm. (C) NFκB is significantly higher in cells seeded on ‘1-
6’ pillars, which exhibited complete MTOC centralization 10 minutes after seeding, compared to 
cells on ‘1-3’ and ‘taper’ pillars. Data are mean ± SD, representing at least 100 cells per condition 
from 3 independent experiments, and were analyzed by Kruskal-Wallis ANOVA with Dunn’s 
multiple corrections test, ɑ=0.05, ****p<0.0001.     
 
As expected, 10 minutes after T cell seeding, NFκB demonstrated significant movement into the 
T cell nucleus on our stimulatory micropillar arrays. However, NFκB translocation was 
significantly lower in cells seeded on 1-3 pillar arrays than on 1-6 arrays (nucleus/cytosol = 1.67 
± 0.42 on 1-3 pillars, nucleus/cytosol = 2.00 ± 0.48 on 1-6 pillars, mean ± SD, p<0.0001). As a 
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control, cells were also seeded on tapered arrays, and as expected, demonstrated a similar level of 
NFκB translocation as cells seeded on 1-3 pillar arrays (nucleus/cytosol = 1.64 ± 0.38 on tapered 
pillars, p>0.99) (Fig. 3.12C). Therefore, NFκB translocation on our pillar arrays followed the same 
trend as MTOC centralization. Collectively, these results suggest that the functional output of 
delayed MTOC centralization is decreased NFκB translocation from the cytosol to the nucleus, 
indicating decreased T cell activation on surfaces of increased spring constant. 
 
Microtubule architecture maintains IS stability 
We then proceeded to investigate the effects of MT inhibition on MT architecture and force 
generation at the IS. Specifically, we used nocodazole (NZ), a reversible inhibitor that disrupts 
MT polymerization by binding to β−tubulin and preventing the formation of its interchain disulfide 
linkages (115). High concentrations of NZ induce MT depolymerization, and low concentrations 
of NZ alters MT polymerization and dynamics without inducing depolymerization (116,117). NZ 
was applied to T cells with a 15 minute preincubation followed by seeding on 1-6 micropillar 
arrays while maintaining the initial NZ concentration. In order to target MT polymerization 
dynamics without disrupting overall MT structure, we determined an optimal NZ concentration by 
visualizing MT architecture. In addition, NZ concentration was chosen to not inhibit TCR 
signaling (118,119). Application of a low dose of NZ (0.3 µM) led to a dramatic decrease in MT 
polymerization but left the MTOC intact and had minimal effects on cell morphology (Fig. 3.13A). 
As in control cells, the MTOC in cells treated with NZ was located approximately 3 µm down 
from the pillar top in the 10 minute IS. However, application of a higher 0.5 µM concentration of 
NZ completely abrogated MT structure, including the MTOC. Therefore, 0.3 µM NZ was chosen 






Figure 3.13. Nocodazole inhibits MT polymerization, leading to decreased MTOC 
centralization but maintaining the relationship between MTOC location and force 
generation. (A) Cells were pretreated for 15 minutes with 0-0.5 µM nocodazole (NZ) and seeded 
on ‘1-6’ pillars (blue) while maintaining inhibitor concentrations. Samples were fixed after 10 
minutes and stained for CD45 (green). At a concentration of 0.3 µM, NZ abrogated the majority 
of MT architecture at the IS but the maintained the MTOC. At higher concentrations, all MT 
architecture was removed. Scale bar, 5 µm. (B) NZ treatment decreased MTOC centralization at 
10 minutes. Data are mean ± SD, representing at least 50 cells per condition from 2 independent 
experiments, and were analyzed by Mann-Whitney test, ɑ=0.05, ****p<0.0001. (C)  MTOC-force 
(MF) factor for samples treated with 0.3 µM was similar to the MF of samples treated with DMSO 
control. Data are mean ± SD, representing at least 60 cells per condition from 3 independent 
experiments, and were analyzed by Kruskal-Wallis ANOVA with Dunn’s multiple corrections 
test, ɑ=0.05, ****p<0.0001.  
 
We investigated the effect of 0.3 µM NZ on MTOC centralization by fixing cells after a 10 minute 
interaction with micropillar arrays and then calculating distance/radius. We decided to use the 10  
minute time point as representative of a mature IS exhibiting a strong relationship between MT 
architecture and force generation (Fig. 3.8, 3.9). We found that NZ treatment decreased MTOC 
centralization (distance/radius = 0.18 ± 0.090 for DMSO and distance/radius = 0.40 ± 0.19 for NZ, 
mean ± SD, p <0.0001) (Fig. 3.13B). We then investigated the effect of 0.3 µM NZ on the 
relationship of MTOC location with force generation by fixing cells after 10 minutes and 
calculating MF. As expected, MF for both DMSO control samples and NZ samples were 
significantly higher than on samples performed on regions without pillar deflections. However, 
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the MFs of both DMSO and NZ samples were not significantly different from each other (0.28 ± 
0.18 for DMSO and 0.32 ± 0.25 for NZ, p > 0.9999) (Fig. 3.13C). These results indicate that while 
a low dose of NZ led to poor MT polymerization and decreased MTOC centralization, the MTOC 
maintained its spatial relationship with force generation at the IS.  
 
Having characterized the effect of 0.3 µM NZ on MT architecture at the IS, we next looked at the 
effect of inhibiting microtubule polymerization on force generation. Preactivated mouse CD4+ T 
cells in both DMSO control and NZ samples undergo dynamic, multiphase interactions with 
micropillar arrays. Cells rapidly spread across multiple pillars and began their contractile period 
within 5 minutes of interaction. Given the importance of sustained IS formation in T cell activation, 
measurements and comparisons in this section focus on the contractile phase. Force generation 
was calculated as in Chapter 2. We found that NZ treatment significantly increased average force 
per pillar (F/p = 0.67 ± 0.35 nN for DMSO, F/p = 0.85 ± 0.32 nN for NZ, p = 0.018) (Fig. 3.14E). 
These results support the results from previous studies on Jurkat T cells, a human leukemic T cell 
line, where treatment with a low dose of NZ increased traction stress using a 2D traction force 
microscopy system on PA gels (97).  
 
However, while control cells treated with DMSO applied forces that were directed centripetally-
inwards during the contractile period, cells treated with NZ applied forces directed both 
centripetally inwards and outwards (Fig. 3.14A,B). Fig 3.14C shows an inset of the DMSO-treated 
cell from Fig 3.14A, focusing on the cell edge. The forces in this region were directed in parallel 
to each other, pointing towards the center of the cell. Fig. 3.14D shows an edge inset of the NZ-




Figure 3.14. Inhibiting MT polymerization has no effect on force generation but decreases 
IS stability. (A and B) Force vectors (red arrows) of representative cells treated with DMSO 
control (A) and NZ 0.3 µM (B) on ‘1-6’ pillars. Cell outline traced in yellow. Frame taken 16 
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minutes after initial seeding. Scale bar, 5 µm, scale arrow, 5 nN. (C and D) Magnified views of 
the areas at the edge of the cells marked with white rectangles in (A) and (B). (E) Force per pillar 
averaged over the contractile period. Each data point represents the average force per pillar for all 
pillars underneath a cell. Data are mean ± SD, representing 25 cells per condition from 2 
independent experiments, and were analyzed by Mann-Whitney test, ɑ=0.05, *p<0.05. (F) Force 
per pillar was calculated with a directionality parameter based on the cell centroid where 
centripetally-inward ‘pulling’ forces towards the centroid were assigned a negative value, and 
centripetally-outwards ‘pushing’ forces away from the centroid were given a positive value. In this 
way, average force per pillar over the contractile phase was again determined, and averaged over 
all the pillars underneath a cell. Data are mean ± SD, representing 25 cells per condition from 2 
independent experiments, and were analyzed by Mann-Whitney test, ɑ=0.05.   
 
stability. Interestingly, not only was average contractile force less synchronized across the cell, 
but we also found that individual pillars were more likely to fluctuate in force and direction over 
the course of the contractile period. Force generation was calculated with a directionality 
parameter based on the cell centroid where centripetally-inward ‘pulling’ forces towards the 
centroid were assigned a negative value, and centripetally-outwards ‘pushing’ forces away from 
the centroid were given a positive value (Fig. 3.14F). In this way, average force per pillar over the 
contractile phase was determined. Average force per pillar in cells treated with DMSO control 
were maintained in cells treated with NZ (F/p = 0.17 ± 0.42 nN for DMSO, F/p = 0.19 ± 0.40 nN 
for NZ, p = 0.75) (Fig. 3.14F). Thus, cells treated with NZ exhibited similar levels of force 




These results collectively show that while decreased MT polymerization through NZ application 
leads to increased absolute force generation, application of NZ results in decreased force 
synchronization of pillars within a cell during the contractile phase. In addition, instead of 
maintaining a force vector during the contractile phase, pillars under cells treated with NZ are 
more likely to undergo dynamic force changes during the contractile phase, leading to a less stable 
IS. Overall, our data suggest that while MT polymerization is not necessary for force generation, 
MT dynamics are important in maintaining IS stability.  
 
3.5 Discussion 
In this chapter, we expand on previous works by using 3D topography to characterize T cell 
activation with respect to force generation and cytoskeletal development over time. We 
demonstrate that preactivated CD4+ T cells exhibit a dynamic and robust penetration into 
micropillar arrays. In the 3D IS, actin polymerization is not correlated with force generation. 
However, we find that MTs have a critical role in 3D T cell mechanosensing. Namely, MT 
architecture is correlated with force generation, MTOC centralization is a mechanosensitive 
process with functional outputs, and while MT polymerization is not necessary for force 
generation, it is critical for maintaining synaptic integrity over time.  
 
The results in this chapter first highlight the phases through which mouse preactivated CD4+ T 
cells penetrate into stimulatory elastomer micropillar arrays. Unlike naive T cells, which extend 
protrusions into the arrays after an hour of interaction (unpublished data, K. Bashour), preactivated 
T cells penetrate rapidly into stimulatory pillar arrays and exert forces over three discrete phases 
of engagement. Penetration occurs within minutes after initial cell seeding, and leads to full 
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penetration and symmetric force generation at the IS within 30 minutes of interaction. These results 
agree with previous studies that suggest a full characterization of the T cell IS necessitates a 
topographically-relevant substrate that allows for morphological changes more characteristic of 
the physiological cell-cell immune interface (120). However, the spatial characteristics of 
penetration appear to be in contrast with a previous study on mouse CD4+ lymphoblasts in contact 
with dendritic cells. T cells in this study first formed invasive pseudopodia into the APCs at the 
center of the cell-cell contacts, followed by an eventual retraction of the pseudopodia after an hour 
of contact (85). This discrepancy is likely due to the fact that APCs have a cortical cytoskeleton 
and a glycocalyx that provide resistance to T cell penetration. In contrast, our micropillar arrays 
are a protrusion-inducing topographical system that provide significantly decreased resistance to 
initial penetration. However, even with a lack of physiological resistance, micropillar arrays allow 
for the induction and visualization of controlled T cell penetration that is impossible in other IS 
systems. Since preactivated T cells rapidly and robustly move into the 3D features of our pillar 
array, the characterization in this chapter of the cytoskeletal components involved in penetration 
will facilitate future efforts to identify the mechanisms behind T cell mechanosensing.  
 
The advent of studies showing the 3D nature of the T cell-APC interface points towards the lack 
of topographical complexity in a 2D analysis of the IS, as a 3D interface complicates our 
interpretation of data in 2D. We studied the implications of a topographically-relevant interface in 
this chapter, and nevertheless found a lack of correlation between actin focus polymerization and 
force generation in the 3D IS. Phalloidin staining reveals that actin polymerization occurs 
throughout the 3D IS. Live cell imaging of Lifeact-RFP T cells at a variety of z-depths at the pillar 
interface reveal that actin polymerization events underneath the pillar top are equally as dynamic 
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as those at the pillar top. Since actin localized to pillar features exhibit similar ‘blinking’ behavior 
as those we see on pillar tops, we conclude that these polymerization events are not an indication 
of the cell cytoskeleton but represent actin foci specific to TCR signaling. Both fixed and live 
samples showed no temporal correlation between actin focus polymerization and force generation 
throughout the pillar array. However, the experiments we perform in this chapter did not address 
the complexities of signal integration and feedback processing involving mechanosensing and 
TCR signaling, a challenging aim which will require significant further study.   
 
Moving beyond actin foci polymerization, we also investigate the contribution of the MT network 
to mechanosensing at the IS. Previous studies have established that MT dynamics are essential for 
T cell activation and downstream function (101,103,108,121). In our studies in this chapter, we 
confirm MTOC relocation to the IS on pillar arrays, and find that the MTOC and the majority of 
the MT architecture are concentrated beneath the pillar tops but above the base of the cell 
penetration regions. We suspect this is due to the overall rigidity and density of MT architecture, 
which may prevent the structure from fully moving into the bottom of the cell. We also find that 
the distribution of MT architecture at the IS follows the patterns of force generation exerted by the 
T cell during activation. Critically, MTOC location is correlated with regionally-outwards ‘push’ 
forces, as determined by the deflection of pillars underneath the cell. This result appears to be in 
contrast with a previous study on mouse CD4+ lymphoblasts in contact with DCs, which showed 
that invasive pseudopodia were primarily actin-driven and did not include MT structures (85). 
However, our results are consistent with a study with Jurkat T cells, which showed significant 




MTOC translocation to the IS has been shown to be critical for the transport of vesicles containing 
effector molecules such as cytokines to be directed towards the APC for polarized secretion 
(100,102,108). In our pillar system, we find that translocation is a biphasic process. The MTOC 
first moves to the side of the IS, followed by relocation to the center of the IS. On our pillar system, 
the MTOC centralization is complete within 10 minutes of T cell landing. Interestingly, we find 
that centralization is a mechanosensitive process, as cells seeded on pillar arrays with increased 
spring constant experience a delay in MTOC centralization. Delayed centralization leads to 
decreased T cell activation as indicated by decreased NFκB translocation from the cytosol to the 
nucleus. Previous research has shown that MTOC repositioning at the IS requires key mediators 
of TCR-dependent signaling such as Lck and Zap70, as well as diaglycerol dependent recruitment 
of protein kinase C (102). MTOC polarization has also been shown to be calcium influx-
dependent, although this point is currently a matter of some controversy (122). Therefore, our 
results provide further support for the integral role of MT dynamics in T cell signaling, and also 
provides evidence towards a role of MT dynamics in T cell mechanosensing.  
 
The biphasic nature of MTOC relocation reflects the emergence of a resistive force at the IS that 
is increased with pillar spring constant. Since pillars are physical features that impede MTOC 
movement, increased pillar spring constant represents a stronger resistive force, leading to delayed 
MTOC centralization and decreased T cell activation. In our system, pillar spring constant is 
analogous to APC rigidity, therefore indicating a potential role of APC rigidity in regulating T cell 
activation. In addition, cells on pillars with increased spring constant have a more spread 
morphology, which indicates that T cells modulate cellular tension in response to substrate rigidity. 
This evidence is consistent with previous studies on a variety of cell types (44,49,123,124). 
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Increased T cell tension may result in increased intracellular resistance to MTOC centralization. 
These collective results show that T cells modulate MT dynamics as a function of spring constant, 
indicating that MTs play an important role in T cell mechanosensing. Our results appear in contrast 
with previous work from our lab which has shown that naive mouse CD4+ T cells exhibit enhanced 
signaling in response to increased substrate rigidity (38). However, the substrates used in the 
previous study ranged in stiffness from 10 kPa to 200 kPa. Our study in this chapter instead 
compares substrates of a more physiological stiffness range which is significantly less rigid and 
may explain the difference in results. Moreover, our results are consistent with a previous study 
on Jurkat T cells which used substrates of a similar rigidity range, and found a more sustained 
activation response on softer surfaces (49).   
 
In order to delineate a mechanism behind the relationship between MTs and force generation, we 
use NZ, which at low doses inhibits MT polymerization without affecting TCR signaling. We 
found that 0.3 µM NZ decreases polymerization events but maintains MTOC architecture. In 
addition, MTOC centralization is significantly decreased at the 10 minute time point, showing that 
MT polymerization is necessary for MTOC repositioning at the IS. This result is consistent with a 
previous study using Jurkat T cells, which showed that NZ dramatically decreased the ability of 
the MTOC to move from the distal end of the cell to the IS (103). Interestingly, we find that the 
relationship of MTOC location with force generation is maintained even when MT polymerization 
is impaired. These results indicate that MT polymerization drives MTOC centralization, which in 




Finally, we find that decreased MT polymerization through NZ application leads to increased 
absolute force generation at the IS. These results are consistent with a recent study with Jurkat T 
cells showing increased force generation on polyacrylamide gels (97). This Jurkat study as well as 
another study on mouse lymphoblasts showed decreased MT polymerization led to decreased 
regulation of T cell activation, leading to increased overall cellular activation (96,97). Critically, 
we also find that decreased MT polymerization results in decreased force synchronization during 
the T cell contractile phase, as force distribution at the IS is more asymmetric. In addition, instead 
of maintaining a force vector during the contractile phase, pillars under cells treated with NZ were 
more likely to undergo dynamic changes in force direction and magnitude, leading to a less stable 
contractile phase. Our collective force data suggest that while MT polymerization is not necessary 
for force generation, MT dynamics are important for maintaining IS stability. These results are 
consistent with a previous study with mouse CD4+ lymphoblasts in contact with APCs where 
treatment of the T cells with NZ did not affect cytokine production and release but abolished 
directed secretion towards the APC (108). These results in combination with the results in this 
chapter suggest a connection between CD4+ T cell force generation and effector function, in which 





Chapter 4 – Conclusions and Future Directions 
 
4.1 Conclusions 
T cell signaling is largely understood in terms of phosphorylation cascades and downstream 
signaling pathways. Studies on the mechanisms behind T cell force generation are necessary to 
advance the concept of mechanobiology in immunology, which has been shown to be critical for 
a complete understanding of T cell activation. A deeper understanding of T cell mechanobiology 
can be leveraged towards advances in adoptive cell therapy. A rapidly expanding body of research 
has demonstrated that materials can be designed to enhance T cell expansion (50,91,125). 
Therefore, understanding how T cells sense rigidity, exert force, and how these processes affect 
downstream function may promote the development of biomaterials that enhance T cell 
manufacturing and improve patient care. 
 
In this thesis, we used elastomer micropillar arrays with physiologically-relevant rigidities and 
protrusion-inducing topography as a substrate with which to investigate T cell activation. In 
chapter 2, we investigated the 2D IS by characterizing the temporal relationship between TCR 
signaling and T cell force generation. We found that in both mouse naive and preactivated CD4+ 
T cells, TCR signaling was robust, dynamic, and localized to the pillar features. However, no 
temporal correlation was found between signaling and force generation. In chapter 3, we 
investigated the 3D IS by characterizing both actin polymerization and MT architecture in mouse 
preactivated CD4+ T cells throughout the pillar array. We found that cells penetrate into pillar 
arrays almost immediately after initial contact, and by 30 minutes, have embedded extensively into 
the arrays, reaching the bottom of our 6 µm tall pillars. We found that actin foci polymerization 
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indicative of TCR signaling were localized to the pillars throughout the pillar array, but 
polymerization events were again not temporally correlated with force generation. When we 
characterized MT architecture in the 3D IS, we found the MTOC also penetrated into pillar arrays. 
Importantly, we found multiple layers of correlation between MT architecture and T cell 
mechanosensing. First, MT architecture is correlated with the spatial distribution of force 
generation at the IS. Secondly, MTOC centralization at the IS is a mechanosensitive process that 
is modulated by surface spring constant. Finally, MT polymerization is necessary to maintain IS 
stability over time. These collective results reveal important aspects of the underlying dynamics 
of the T cell cytoskeleton in IS formation and maintenance, focusing on the 3D IS. Recent studies 
have shown that 3D protrusive features are likely to have critical roles in antigen scanning and 
TCR signaling. In this thesis, we were able to characterize the development and mechanisms 
behind T cell protrusions in a controlled topographical environment. These results are therefore an 
important step towards understanding T cell mechanosensing in the physiological cell-cell immune 
interface. 
 
4.2 Future Directions 
 
Determining the scales of T cell force generation  
While micropillar arrays provide insights into the dynamics of force generation during T cell 
activation, additional experiments are needed to resolve the scales of force that we observe on our 
arrays. If the TCR-pMHC bond undergoes 12-19 pN of force within seconds of ligand binding 
(73), what does the 310 pN of force we observe per pillar during the contractile period represent 
in terms of T cell activation? Since our 1-6 pillars are approximately 0.8 µm2 in area, is there a 
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threshold number of TCRs that need to be engaged over a certain area for a sustained period of 
time in order to induce trackable pillar movement? What is the level of global TCR signaling 
necessary to induce the organized levels of pillar force generation we see during the T cell 
contractile phase? 
 
In order to begin answering some of these questions, future work can integrate our micropillar 
arrays with DNA-based nanoparticle tension sensors (73). The combination of these two systems 
will allow for the simultaneous visualization of force generation in multiple scales - from the 
nanometer scale of forces induced by individual TCRs, to the submicron scale forces represented 
by individual pillars, to the micron scale forces visualized by the temporal and spatial patterns of 
the pillars underneath a cell. Alternatively, submicrometer elastomer pillars can also be used to 
capture more details of force generation that may be missed on larger diameter pillars.  A previous 
study on fibroblast behavior utilized pillars 0.5 µm in diameter, and found local contractile areas 
that were not seen on pillars of larger diameters (126).  
 
Further characterization of protrusions 
T cells form a variety of dynamic protrusive structures during activation. The distributions and 
sizes of these protrusions and their dynamics are inconsistent between studies, from microvilli that 
are present in high density throughout the resting cell and stabilize in movement upon antigen 
recognition, to individual submicron scale protrusions that form at the center of the IS within 30 
minutes of interaction but disappear after an hour (85,88). Whether these structures are different 
types of protrusions or variations on the same features that appear differently due to contrasting 
imaging techniques remains to be seen. In addition, the distribution and dynamics of T cell 
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protrusions have implied roles in antigen scanning and TCR signaling, but their precise functions 
are unclear.  
 
Future work may aim to further characterize these protrusive structures. Previous studies have 
determined that invadosome-like protrusions (ILPs) in T cells, similar to podosomes and 
invadosomes in other cells types, are characterized by the colocalization of actin and HS1 
(55,86,127). However, these studies were performed using the physiological T cell – APC 
interface, which is difficult to control and image. In order to have increased topographical control 
over ILP formation, future work may use micropit arrays as mentioned in section 3.4. By 
modulating micropit diameter and depth, ILP geometries can be altered. ILPs in this system can 
first be confirmed by staining for actin cytoskeleton and HS1. Then the micropit system can be 
leveraged for controlled studies of how ILP geometry affects T cell activation. The addition of 
fluorescence and inhibitor studies will help determine the molecular and cytoskeletal mechanisms 
driving protrusion development and T cell mechanosensing. These collective results may have 
potential implications towards the development of biomaterials for immunotherapy.   
 
Live imaging of MT dynamics 
In chapter 3, fixed samples stained for MT architecture show that MTOC centralization is a 
dynamic process and that MT architecture is correlated with localized force generation. In addition, 
inhibiting MT polymerization leads to decreased MTOC centralization and less stable force 
generation at the IS. However, many of the temporal dynamics of these processes are missing in 
fixed samples. Since pillars are regions of localized resistance, how do MTs move to curl around 
them? What is the temporal relationship between MT movement and localized force generation? 
106 
 
After NZ treatment, how dynamic is MTOC movement and how is this movement correlated with 
unsynchronized force generation? In order to fully dissect the role of MT dynamics leading to 
force generation at the IS, it is necessary to conduct live cell imaging of MT development in 
tandem with force generation.  
 
Previous research has shown that live MT dynamics in Jurkat T cells can be visualized through 
transfection with fluorescent β-tubulin (97). The MTOC can also be visualized in Jurkat T cells 
through electroporation with fluorescent centrin-2 in pericentrin (103). Although these methods 
are not feasible with naive T cells, preactivated T cells are early-stage lymphoblasts, which are 
viable after transfection and transduction. The use of live markers for MTs will allow for more 
detailed temporal and spatial correlation of MT dynamics with force generation at the IS.  
 
Mechanisms behind force generation as it relates to MT architecture 
The use of the pharmacologic inhibitor NZ provided valuable insights into the importance of MT 
polymerization and structure in T cell force generation. However, NZ has potential off-target 
effects such as blocking calcium influx and inhibiting Lck phosphorylation at certain 
concentrations (118,119). In order to define the role of MT polymerization unambiguously, future 
studies may establish more specific molecular perturbations. Previous studies have shown that 
siRNA knockdown of dynamin 2, a MT-binding GTPase, or stathmin, a MT regulator inducing 
MT depolymerization and preventing MT polymerization, led to decreased MT dynamics and 
accumulation of stable MTs (128–130). MTOC repositioning can be inhibited without affecting 
MT polymerization through the use of ciliobrevin-D, an inhibitor of cytoplasmic dynein, or 
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through siRNA-mediated knockdown of the dynein heavy chain (96,103). Knocking down DHC 
has also been shown to affect MT polymerization (131).  
 
Finally, future work may seek to identify a potential mechanism through which MT architecture 
regulates force generation. A potential candidate is the Ezrin-Radixin-Moesin (ERM) family of 
proteins, which link transmembrane proteins on the plasma membrane to cortical F-actin (132). 
Studies have shown that silencing ezrin expression in T cells impair MTOC polarization and lead 
to poor MT organization (95). The protein involved in this pathway is discs large 1 (Dlg1), a 
scaffold protein associated with various TCR signaling molecules and cell polarity regulators that 
also controls MTOC positioning in migrating cells (95). In addition, ERM proteins have been 
implicated in T cell cytoskeletal relaxation, adhesion to APCs, and in vivo lymphoid homing 
(133,134). Alternatively, a recent study on MT dynamics in tandem with traction force microscopy 
on polyacrylamide gels has delineated a role of Rho GTPase activity in regulating MT dynamics 
and force generation through modulation of myosin phosphorylation (97). Live imaging of 
simultaneous force generation and fluorescently-labeled proteins in tandem with MT dynamics 
will allow for the analysis of the spatiotemporal dynamics and interactions between proteins of 
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